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ABSTRACT

A workshop on Diffuse Discharge Opening Switches was

conducted by Texas Tech University for the U.S. Army Research

Office. The workshop was a result of recomndations from

an earlier workshop on Repetitive Opening Switches. A group

of invited papers set the tone for the discussions in the

various working groups. These papers along with the summaries

of the working group discussions and recommendations are in-

cluded in this report. A summary of the workshop and of the

suggested research topics is also presented.

C
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INTRODUCTION

A workshop on "Diffuse Discharge Opening Switches" was

sponsored by the U.S. Army Research Office and conducted by

Texas Tech University at Tamarron, Colorado on January 13-15,

1982. This workshop was held as a result of the recommenda-

tions from an earlier workshop on "Repetitive Opening Switches"

on January 28-29, 1981.

Some basic information about inductive energy storage, its

potential, and limitations, as well as many specific opening

switch ideas, can be found in the proceedings of the first

workshop.(DTIC AD-A110770). As a result of the deliberations

at the earlier workshop, it appears that diffuse discharges

have the highest promise for leading to the development of a

successful, fast, repetitive opening switch. Most ideas for

utilizing arc discharges appear either too slow or too energy in-

efficient. The earlier workshop also showed that solving

the problem of developing a practical switch requires an extremely

wide range of expertise. Researchers with backgrounds in

circuit analysis, materials properties, fundamental discharge

theory, basic gas data determination, plasma chemistry, etc.

are needed. The main goal of the second workshop was, there-

fore, to bring researchers with these varied backgrounds to-

gether in an environment conducive to free discussions. At

the same time it seemed important to bring in representatives

from the various government agencies with potential interest

in this R & D area to contribute realistic background scenarios

. . . . . . . . . . .. . . .
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to some of the discussions and to assess the future potential

and important issues of this research area.

The 45 invited attendees came from universities, industry,

national laboratories, and government agencies. A series of

invited papers presented the first day served to provide back-

ground information and set the tone for the subsequent working

group discussions. Each working group had an appointed dis-

cussion leader and each group's conclusions and recommendations

were presented in a general meeting on the last day. The Ad-

visory Committee then met the following day to further refine

some of these conclusions. A preliminary meeting, involving

some 20 of the workshop participants, was held at Texas Tech

University in September of 1981. This meeting helped to define

many of the workshop goals and to determine some of the ex-

pertise areas needed, as well as to identify some of the

people with backgrounds appropriate for contributing to the

successful achievement of these goals.

We, the workshop coordinators, feel that the workshop was

very successful. The unusal amount of intense, scientific

discussion resulted in significant information exchange.

The participants seemed genuinely interested in the problems

posed and many (certainly we) learned a great deal about an

exciting problem and generated many new ideas for future work.

The primary goals for the workshop were given as:

1) To identify the limitations, in a broad sense, of

diffuse discharge switches with regard to possible

applications.
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2) To identify relevant (in the workshop context) un-

resolved research problems and define the research

areas that must be supported to solve these problems.

3) To determine ways to promote exchange of information

between scientists working on fields or research which

are relevant to diffuse discharge opening switches.

4) To establish research goals and priorities.

The first of these points was addressed mainly by the

working groups on Repetitive Switch Applications and on Diffuse

Discharge Production. Both groups carried out "strawman"

calculations and the results came out quite favorable. Al-

though these calculations were admittedly crude, they gave

considerable confidence that the basic problem issue was

not totally ridiculous or impractical. Some possible appli-

cation ranges of interest to the DoD were also summarized by

the Repetitive Opening Switch working group in Table I in

their report. This table provides an update of a similar

one in the first Workshop Proceedings.

The second goal of the workshop was addressed in various

degrees by all the five working groups. Most of the discus-

sions were concerned with two basic approaches to dis-

charge initiation, maintenance, and turn-off. These approaches

were the e-beam controlled diffuse discharge and the optically

controlled or modified diffuse discharge. The e-beam controlled

discharge is the better understood of the two processes and

has been investigated earlier to a certain extent in both the

U.S. and the USSR. Also, there is a large body of potentially



relevant information available from high-power, electron

beam pumped laser development. The optically controlled or

modified discharge approach is a relatively new research area

for this application (although the noptogalvanic effect" has

been known for a long time but never considered in this vain).

These two approaches are not necessarily mutually exclusive

and one can certainly consider an "optically assisted, e-beam

controlled opening switch". Many of the basic data needed,

such as recombination coefficients, drift velocities, plasma

chemistry reactions, etc. are equally important to both

approaches.

The third workshop goal is, as evidenced by the discus-

sions at this workshop and at the earlier meeting at TTU,

extremely important, since so many different disciplines have

an impact on this research area. A principal problem is the

limited availability of travel funds. To alleviate this

situation, efforts have been made to organize special session'

at national meetings and to utilize, as much as possible,

these meetings as a way to bring interested parties together.

Some of the research sponsors have also encouraged the use of

contract funds for such interactions and, in some cases, pro-

vided supplementary travel support for this purpose.

The fourth and last workshop goal is an extremely difficult

one to reach complete agreement on. The research topics

listed in the next section are primarily due to the workshop

Co-Directors with some suggestions from the Advisory Board

members. Because of time limitations, we were not able to
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*give each Advisory Board member time for careful coments

and rebuttals to our draft, although a copy was sent to each

of them before we went to print, with request for verbal

comments in cases of violent disagreements.

I)
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SUMMARY

The basic results of the workshop deliberations are

summarized in Fig. 1. It was generally agreed that a screen-

ing of candidate gases should be performed in existing e-beam

facilities (or facilities already under construction). The

key information needed is the attachment coefficient, ka , the

recombination coefficient, a, and the electron mobility, ,

vs the reduced electric field (E/N) for various gas mixtures.

These gases should also have high voltage hold-off strength

and be resistant to streamer formation. In repetitive operation

there is concern about information on thermal, acoustic, and

attachment instabilities which may prevent the generation of

repetitive diffuse discharges. The acoustic disturbances in the

system when, for instance, the e-beam is turned on and off,

may set up density gradients which lead to arc formation. When

the attachment coefficient increases rapidly with increasing

electric field, an instability may occur, as described in the
group report on diffuse discharge production. Other instabil-

ities may also be siqnificant.

The "strawman" calculations performed by the working

groups are summarized in their individual reports. The main

conclusion was, however, that an approach, such as the e-beam

controlled opening switch, did not seem unreasonable in size

or efficiency. Several of the workshop participants expressed

encouragement by these calculations. Some of the limitations

set on these switches are due to the current density and allow-

able temperature rise before instabilities (filamentations) set

in (e.g. an assumed maximum temperature rise of AT - 500 0K).
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Considerable performance improvements could be expected if

some of these values (which were conservatively based on

empirical results with electron beam excited gas lasers)

could be increased.

Additional basic data relating to recombination coeffi-

cients, electron impact cross-sections for higher vibrational

levels, etc. are needed. The properties of the sheath region

during turn-off are also poorly understood. The limiting

factors on current density in diffuse discharges need to be

studied for the gases of interest, considering their unique

properties, in order to determine it they are basically the

same as for gas laser discharges.

User oriented computer codes which couple the discharge

system to a circuit analysis code are needed. This approach

may not be practical, except on very large computers, but a

possible compromise, as a first step, is to develop a two-step

code and let the first one calculate various rate constants

as a function of E/N and then let the second use the output

from the first code in a circuit analysis code. The second

code would allow changes in circuit parameters as well as

perturbations in the gas discharge parameters. It is important

to use this code to determine the sensitivity of the system

performance to various parameter changes and thus help to

decide on the crucial research issues. The code must, of

course, be checked against reliable experiments to determine

its validity and applicability.

For the optically controlled switch systems there is a

need for the knowledge of various transition probabilities.



13

The possible production, by lasers, of radicals with strong

electron attachment should be investigated. One needs gases

in which the attachment coefficient increases for vibrationally

or electronically excited states without too much shift in the

peak of the absorption coefficient towards lower energies. One

should also determine the feasibility of rearranging and forming

new molecules with strong ka- The disassociation of certain

molecules may also lead to fragments with high ka

It was also pointed out, as mentioned in the introduction,

that it is extremely important to maintain the information ex-

change that has been started among various interested parties

with widely different areas of expertise. This objective can,

of course, be achieved in part by normal travel, correspondence,

telephone calls, meetings at national conferences, etc. In

addition, however, it will be necessary to hold a few informal

meetings and workshops, as during the last 18 months. It is

hoped that the sponsoring agencies will be able to help implement

this objective. If another workshop similar to the two held so

far should be organized, it has been suggested that the near

term goals (switch parameters) of interest should be specified

more firmly next time. The various working groups would then

have the same parameters and goals in mind during their deliber-

ations so that results, concerns, and recommendations could be

more easily compared. Also, it was noted that the area

of low pressure, diffuse discharges (- the thyratron regime)

deserve more attention that it received at this workshop.
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The area of plasma chemistry and possible catalytic ef-

fects of nearby insulators received insufficient attention.

The workshop organizers had great difficulty in finding

experts in this field. Two days before the conference the

only such person located called and cancelled for personal

reasons. This subject should, therefore, also be given special

attention at any future workshop.

A general research plan was suggested, as shown in Fig. 2.

The point was raised, however, that perhaps one should keep a

close watch on the screening results (of candidate gas mixtures)

in view of going directly from these to the switch design.

Pure Species Physics
4' +

Basic Data * Model * Switch Design

(Geometry, gas flow,
materials, etc.)

Mixtures Circuit
Theory

History Guesses

Screening

Fig. 2 General Research Program Outline

Several research topics were recommended by the various

working groups, as stated in their individual reports. Many

of the topics were similar in nature and there was no great

disagreement as to the importance of most of these topics.

It is difficult to prioritize all these topics, however, and

we have instead chosen simply to list in,Table I,the ones we

consider to be most important.
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Table I. MAIN RESEARCH AREAS

1. Basic Data and Processes

a) Atomic and Molecular Data on Candidate Gas

Components

b) Rate Constants and Transport Coefficients in Gas

Mixtures

c) Gas Chemistry

d) Resonant Photon Processes

i 2. Code Development

a) Plasma Kinetics (Positive Column and Sheaths)

b) Parameter Sensitivity Analysis

(Coupling of Discharge Effects and Circuit Behavior)

3. Experimental Investigations of Switch Systems

a) Screening of Candidate Mixtures

b) Bench Mark Experiments for Code Verifications

c) Diagnostic Development

d) High Pressure Discharge Stability Analysis and

Understanding of Channel Formation in Repetitive

and/or Long Pulse Systems

e) Gas Dynamics in Repetitive and/or Long Pulse

System

f) Electrode and Insulator Effects (Sheath and

Geometry Effects)

iii
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OPENING SWITCHES

Scenarios for Their Use

M. F. Rose

Naval Surface Weapons Center

and

A. K. Hyder, Jr.
Air Force Office of Scientific Research

INTRODUCTION

There are many ways in which energy can be stored and

made to do useful work. For the purpose of pulsed power,

energy is usually stored at a slow rate in some suitable

media and subsequently released on demand by the experimenter

at whatever rate is suitable.

Obviously the use of storage mechanisms allows a time

compression in the delivery of energy to a load. It is advan-

tageous to do this because most of the phenomena studied using

pulsed-power techniques demand power levels in excess of giga-

watts and energy levels in excess of a megajoule. The time

scales for delivery range from milliseconds to nanoseconds. It

is neither practical nor possible to build continuous power

supplies which can provide the requisite amount of energy on

the appropriate time scale.

The most demanding technical applications for pulsed-power

technology are in inertial-confinement fusion and the military-

oriented programs such as nuclear-weapons effects simulation
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and directed-energy weapons concepts. Invariably, the time

scales and energy densities sought after for these applications

make energy storage and pulse compression a necessity rather

than an experimental nicety.

The range of applications of pulsed power is enormous.

The following list, by no means exhaustive, represents some

of the more interesting applications currently underway:

Inertial confinement fusion

Electrical discharge lasers

Directed energy weapons concepts

Nuclear weapons effects simulators

X-ray generators

Magneforming

Particle accelerators

Radar

Acoustic ranging

Electromagnetic mass drivers

Micromachining

Toys

Shock testers

Strobe photography

Applications of particular interest to the DOD are indi-

cated in Fig. 1, and the pulsed-power chain from prime power to

the load is shown in Fig. 2. There are several routes by which

power levels of interest can be delivered. Each of these routes

4,'i
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involve different storage mechanisms with a broad range of energy

densities, switching requirements, and operating time scales.

Because of this, it does not follow that a given experiment can

be powered by the most compact store without several critical

intermediate stages in the power-flow train.

Table 1 illustrates approximate energy storage densities

which are currently available for a number of storage techniques.

It is obvious from Table 1 that not only is there a wide range

of storage densities available to the user, but the time scale

for delivery of the energy to the load also varies over several

orders of magnitude.

Table 1 Comparison of Energy Storage Techniques

Energy/ Energy/ Time Scale
Storage Mode/ Volume Weight to Deliver
Device Type J/m'xl0 6  J/kg to Load

o Electrostatic
Capacitors .01-1 300-500 us

o Magnetic/Inductors
Conventional 3-5 102-103  ms to lis
Cryogenic 10-30
Superconducting 20-40

o Chemical
Batteries 2000 106 minutes
Explosives 6000 5X106  us

o Inertial
Flywheel 400 104-105 seconds

In Table 2 we present several typical large pulsed energy

sources employing storage techniques characterized in Table 1.

L
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Table 2 Large Pulsed Energy Sources

Largest Potential
Existing Discharge

Installation Times System Cost
Source (MJ) (ms) ($/J)

Inductive 100
(Frascati) 0.1 - 10 0.25 - 0.3

Capacitive 10

(Los Alamos)
(Fast Bank) 1

25 10-  10 0.25 1.0
(Lawrence
Livermore)
(Slow Bank)

Inertial
(Motor-
Flywheel-
Alternator) 1400

(Garching) 10 + 0.015 - 0.04

Inertial
(Homopolar) 500

(Canberra) 1 - 10 .001 - .01

Chemical
(Batteries) 100

(Frascati) 10 + .03 - 3.0

Chemical
(MED) ~ 300

(USSR) 3 X 104

The nature of the energy store and conversion scheme

employed in a particular pulsed power experiment is governed by

such factors as the nature of the load, cost, portability (weight

and volume) and reliability. If cost and reliability were the

only governing factors, inertial stores would be the obvious

choice. Unfortunately, many of the experiments demand terawatts

of power delivered in the submicrosecond time scale. Hence there
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are some experimental loads where time constraints dictate

the choice of the storage medium to be used. Even then, several

stages of energy compression may be necessary to shape the pulse

for optimum transfer to the experimental load. While inertial-

inductive systems possess the attractiveness of high-energy density

they also demand a repetitive opening switch -- the device funda-

mental to this workshop.

Inductive Storage

Inductive storage offers the possibility of achieving higher

energy densities, resulting in a smaller weight and cost, than,

for example, a capacitive system of equal energy. The energy

density in an inductor is given by B 2/2uO and in a capacitor by

ke0 2/2. Taking "reasonable" upper limits of B - 20 Tesla,

k = 80, and E - 108 V/m, we find the energy density for the

inductor to be 1.6 X 108 J/m3 and for the capacitor 2.8 X 106

3J/m The magnetic field energy density is about 50 times

greater than the electrostatic energy density.

Unfortunately, this simplistic reasoning is incomplete,

since the complete pulsed system must be considered, not the

inductor alone. Figure 3 shows schematically a simple induc-

tive pulser system. A charging source (needed in capacitive

systems also) must first cause the current to build up in the

inductor while S1 is closed. A transfer mechanism must then

deliver the energy to the load in the form of a pulse. This is

accomplished by opening S1 and closing S2* In practice, the



23

greatest problem is in designing an opening switch, which must

divert the inductor current from the charging path to the load

as S2 closes. Two or more switches opening sequentially may

be required (for example, mechanical plus crossed-field tube

or mechanical plus vacuum tube). The switching apparatus may

be so large and complex that the advantages of the small size

of the inductor is negated. In order to be efficient, charging

must be done quickly to minimize joule heating of the windings.

Therefore, for a large store of energy, high input powers are

required. The charge restrictions apply only to room tempera-

ture and cryogenic storage inductors. Superconducting storage

systems also suffer from switch technology and must have compli-

cated dewar systems with special feedthrough bushings.

The high energy density of inductive storage systems make

them likely candidates for further study. Inductive energy

storage becomes of primary interest at high energy (nominally

50 kJ). While the most interesting approach which minimizes

the charging problems is to use superconducting coils, they cannot

be discharged rapidly with today's technology. The overriding

technical problem limiting magnetic storage is the requisite

switch technology. Since many applications demand high repe-

tition rate, high voltage, and high current, the development of

opening switch technology must start with basic research to

define switch concepts capable of high rep-rate, terawatt per-

formance.
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APPLICATIONS

The advanced microwave devices, particle beam weapons

concepts, particle beam fusion devices, the free electron

lasers, and some nuclear weapons effects simulators share

common load characteristics in that they require electron/

particle beam generators.

For example, in the case of an electron accelerator the

major power and load requirements are those imposed by the

required particle energy and the impedance of the electron

source. The design of source diodes is reasonably straight-

forward. For space charge limited flow, the diode impedance

is given by

= 137 d2

VV-A

where V is the diode voltage in megavolts, A is the beam area/

emitter area, and d is the anode-cathode gap spacing. Setting

the particle energy fixes V, which allows calculation of diode

impedance in terms of the gap spacing and beam diameter. Once

the beam current is fixed, Z becomes established, and the A/d

ratio for the diode is calculable. Knowing Z allows the calcu-

lation of the remainder of the parameters in the pulse power

train. There may be several more stages of pulsed power

associated with acceleration of the electron beam to higher

energies. These are usually accomplished by Blumlein trans-

mission/pulser systems which are matched to accelerator cavities

of the same impedance. The beam is inductively coupled to these
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pulse sources. The length of the pulse produced in the energy

C storage system is chosen to match the particle pulse which is

to be accelerated. Systems of this type can transfer over 90

percent of their energy from the store to the beam.

Regardless of the method used to fire the accelerator,

either directly from the inductive store or through some inter-

mediate store (e.g., inductive/Blumlein pulse shaping network),

the critical opening switch must appear between the store and

the load.

Figures 4 and 5 are simplified schematic diagrams of typical

Soviet pulsed inductive accelerators. The Soviets have for

sometime been active in the area )f inductively driven acceler-

ators. Figure 4 represents a case where the energy store is

transformer coupled to the accelerator load, thus allowing for

some pulse conditioning. These two examples are selected from

a rather large body of Soviet literature in this area. To the

best of our knowledge, no comparable level of effort exists in

the United States.

Free electron lasers employ a "true" accelerator in the

conventional sense. Electric discharge lasers, however, tend

to be hybrids: some cases (Fig. 6,a) employ an accelerator

for initial excitation of the lasing medium, but the main energy

pulse is provided by a sustainer power supply which 'sees' a plasma

as a load (Fig. 6, a,b,c). In a pulsed chemical laser (Fig. 6c)

the power supply delivers its pulse to a flash lamp to initiate

the laser action. All of these do 'see' a plasma as a load,
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be it in the laser medium or in a flash lamp. Incidently, this

plasma behavior in a pulsed laser may be quite similar to the

operation of a low rep-rate opening switch in that excited pro-

ducts must be cleared between pulses.

A plasma is usually considered a purely resistive load. It

is true that the current and voltage relationships in a plasma

load show no inductive or capacitive components once the plasma

is established, but the power supply is often called upon to

compensate for strongly nonlinear early-time behavior in the

load. Power is introduced to the plasma through electrodes

and the electrode-plasma interface is a very nonlinear region.

Many of the loads must be pulsed and true steady state operation

is never achieved. In addition, the plasma geometry dictated

by the load physics or output requirements can give rise to a

number of instabilities that may place severe requirements on

the power system. In a typical electron beam initiated laser

for instance, the load is initially a capacitor. When the elec-

tron beam is turned on, the dielectric strength of the inter-

electrode space is reduced to a point where current starts to

flow. A relatively high voltage is usually impressed on the

electrodes prior to the initiation of current flow, but the

resistance in the gas very rapidly drops to a low value and the

plasma becomes a high-current, low-voltage resistor whose actual

value of geometry dependent. If the early-time behavior of the

plasma is important, two pulse sources are usually used, one to

bring the plasma to the "steady state" and a second "working"

pulse which sees a nearly constant impedance.

|(
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A final interesting application is the electromagnetic

mass drivers which have broad applications in such areas as

electromagnetic guns, shock testing, as a means of launching

lunar raw materials into precise orbits for space manufacturing,

and to resupply passing starships. Mass drivers in general

represent nonlinear loads to the pulser.

The most highly developed and simplest accelerators are

the classic rail guns shown schematically in Figure 7. A set

of rigid rails is provided with a projectile in the form of

a movable short. When the pulser is discharged through the

rails, J X B due to the current and resultant magnetic field

produces a force which accelerates the projectile down the

rails. For the purposes of this discussion, assume that the

pulser has a constant voltage for the interval of interest.

Typical pulsers might be battery banks, fuel cells, MUD gen-

erator, large homopolar generators, or L-C pulse forming net-

works. In any event, the internal characteristics of the source

Rs, L., and V can be specified. It is easy to design a set of

rails with a given inductance (L r) and resistance (Rr) per unit

length. These variables constitute the load insofar as the

pulser is concerned.

Existing rail gun experiments employ homopolar generators

and inductive stores (Fig. 8), with an attendant opening switch

(S2). The requirements on S2 in this applicztion are much less

severe than those for lasers and accelerators for two reasons:

6LJ
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1) S2 may be needed only at the start of a burst and, 2) the

payload is an initial short across S2.

For any of these applications there are several practical

problems which must pace the opening-switch research and

development:

0 The on-state impedance must be near zero to prevent

losses in the switch.

0 The off-state impedance must be much larger than the

load impedance.

f 2 2 R dt limitations will require either cryogenics

or impulse charging.

G The switch must eventually work reliably outside of

the laboratory.

0 The energy involved in maintaining the on-state must

be minimal in comparison to the total energy stored

or switched.

An attempt to generalize parameters governing the range

of applications discussed above is presented below:

Application Vso Imax Rep Rate Duty

CPB 100 kV 10'skA kHz 10%

Microwave Source 1 MV kA's 10 Hz-l kHz 10%

Laser Driver kV's 100 kA kHz ?

Vso is the minimum stand-off voltage, Imax is the maximum

current flow in the on-state, and the duty cycle is defined as

on-time/total time.



29

Only ranges and order of magnitude estimates are given

since the actual figures are system/circuit specific.

Within the framework of this generalized parameter space,

we examined in slightly more detail the interaction of the

circuit with-the switch operation using the Net 11 computer

code. These represent preliminary results, and more refined

calculations will be done as more details of the switch model

evolve. Figure 9 is a schematic of the simple circuit used;

the opening switch is represented by a purely resistive, non-

linear element. The inductive store, L, is driven by a power

source characterized by VB , %; RL is the purely resistive

load.

Figures 10 through 13 summarize the calculations. A typical

time history of the switch impedance is given in Figure 10.

The transition time from the conducting to the non-conducting

state was varied between one and two microseconds, while the

high-impedance (non-conducting) state was maintained for 20

microseconds. In all cases the impedance collapse from 100

ohms to one micro-ohm occured in one microsecond.

Figures 11 and 12 are typical results of these calcula-

tions. For the case shown:

VB - 500 volts

L - 10 6 Henry

RB - 0.001 ohm

RL - 10 ohms

I 6L
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zt is interesting to note that more energy was deposited

in the switch than in the load in this case.

Several additional cases are summarixed in Table 3. Clearly,

and not surprisingly, dramatic improvements in the switch losses

can be made by increasing the ratio of the switch non-conducting

impedance to the load impedance, and by decreasing the tran-

sition time from conducting to non-conducting states.

Table 3

L V RL Ts T TE E VL  Zs Es/E
H V us us us kJ kJ kJ kV (S loss)

10- 6 500 10 2 20 1 27.45 11.84 15.61 894 10 57
10-  Soo 10 1 20 1 27.45 19.2 8.25 1171 10 30.0

10-  5000 1 2 20 1 3308 3153 255 769 100 8.0

-5
10- 5000 10 2 20 1 3308 2700 608 5700 10 8.4

10 5000 10 1 20 1 3308 2860 448 5800 10 13.5
10- 5000 1 1 20 1 3308 3232 72 780 100 2.3

Military systems, of necessity, are weight and volume con-

strained. The availability of credible opening-switch technology

would allow use of inertial/inductive stores with their attendant

-energy-density advantages. This could conceivably result in

power trains that are simpler, more reliable, and perhaps an

order-of-magnitude smaller when compared to existing pulser

designs.
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INDUCTIVE SWITCHING PRINCIPLES

P. J. TURCHI
R & D Associates, Inc.

Washington Research Laboratory

Introduction

In preparation for discussions of diffuse-discharge open-

ing switches, it is useful to review some basic features of

inductively-driven pulsed power systems. Such power systems

derive their (potential) advantage from the use of high

energy density storage techniques (e.g., homopolar generator,

high-field inductive store, MED generator, etc.). For tech-

niques that utilize mechanical energy storage in the form of

electrical conductors moving at high speed, constraints are

often imposed that the energy storage density is less than

mechanical stress limits (e.g., yield strength) and that

energy is removed from storage on timescales longer than

acoustic transit times in the structure. Either the storage

medium (- moving armature) or the extraction structure (~

stator) may limit the operating energy density and output

pulsetime. Typically, high energy sources deliver current

pulses in times ranging from 0.1 sec (HPG's) to 100 usec

(pulsed MHD). A critical feature of an inductive opening-

switch system is the ability to conduct current for these

relatively long times, and then to open on command in much

shorter times.

J
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The energy required for opening-switch operation is

determined by both fundamental and technical factors. These

factors depend on the nature of the load (resistive, capaci-

tive, inductive) and the approach utilized to achieve the

switching action. For example, if current flow in an inductive

circuit is diverted to a purely-resistive load by a purely-

resistive opening-switch, the energy dissipated in the switch

will mainly depend on the relative resistance-values of the

switch and the load and thus on the switching technique.

Flow of current in a load, however, is associated with mag-

netic flux and therefore real loads will always have an in-

ductive component. Similarly, the switch will possess some

inductance. It may be shown quite easily (Appendix I) that

there are fundamental requirements for energy dissipation

in the switch, independent of the switching technique. Such

fundamental requirements on energy dissipation and voltage

generated in switching (for a desired output pulsetime) must

be considered in evaluating the operation and limitations of

diffuse-discharge opening switches.

Simple Circuit Results

In the Appendix, several elementary inductive pulsed power

circuits are considered. It is seen from the derivations

that typically the opening-switch must dissipate an amount of

energy about equal to that transferred to the inductive com-

ponent of the load. Energy associated with the inductance
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of the switch itself must also be dissipated. The results

of the simple circuit analyses are summarized in Table I.

Table I

Energy Dissipated or Stored in Opening Switch

W/E0

L2C: Inductive-Load, Purely-resistive SwitchiCase 1:LI+L
2

_________________

Case 2: Zero-impedance Load, Inductive Switch pi , L+L p

L L +L (LI+L 2Case 3: Inductive-Load, Inductive Switch (LI1+L2)(LI+L p

L2

Case 4: Inductive-Load, Purely Capacitive Switch L

Case 5: Changing Inductance Load/Switch AL
L

The last two cases in Table I do not involve energy

dissipation in the switch but are not relevant to diffuse-

discharge switching as commonly envisioned (i.e., external

excitation).

Note that it is typical for inductive switching opera-

tion to transfer magnetic energy to a new volume of space,

leave some magnetic energy in the original volume, and to

dissipate magnetic energy (and magnetic flux) in the process.

A simple illustration of such operation is given in Fig. 1
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with the assistance of Poynting's vector E x 9/u combined

with Ohm's law, E - nj. Magnetic flux and energy flows out

of a storage volume into the switch material of resistivity

n. (The direction of the flow is the same as the 3 x I force

acting at the switch surface.) In Fig. 1, two coaxial sole-

noids are shown in cross-section, with current flow (initially

only in the inner solenoid) perpendicular to the plane of the

figure. Magnetic field lines from the current flow surround

the inner solenoid and some also surround the outer (non

current-carrying) solenoid. Let the resistivity of the outer

solenoid be much less than that of the inner solenoid. Field

line segments of the same magnetic field loop surrounding only

the inner solenoid flow into the solenoid from both sides and

eventually meet, cancel (or annihilate), and thereby generate

heat. For the field loops that surround both solenoids,

however, field line segments flow completely through the

inner solenoid and never meet oppositely - directed field

lines since the resistivity of the outer solenoid is assumed

to be low (nZO). The net result is that field lines surround

the outer solenoid, representing current flow in this solenoid

and a transfer of magnetic energy to a new region of space.

Note that some field lines associated with current flow in

the outer solenoid also surround the inner solenoid (which

is no longer carrying current), so some magnetic energy

remains in the original volume. Visualizing the "flow" of

magnetic field lines, including annihilation, may aid in thep
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conceptual design of opening-switches. For example, the

magnetic field surrounding only the switch dissipates its

energy in the switch.

Some Critical Features for Opening Switches

To guide research in support of repetitive opening-

switch technology, it is useful to consider some critical

features for switch operations:

1. Ratio of conduction time to opening time - to realize

the potential of high energy density inductive power

systems, this ratio should be at least 10. Heating (and

gas motion) during the conduction phase may limit the

ability of diffuse discharges to operate directly with

high energy sources for which the conduction time may
exceed 10- 3 sec.

2. Ratio of closed to opening voltage - which, along with

the temporal ratio, determines part of the switch effic-

iency (i.e., flux loss).

3. Rate of rise of dielectric strength and/or resistivity

- such rates determine the opening time in the context of

the load requirement (voltage and/or current rise).

4. Source of energy (current) to operate switch - clearly

affects desirability and practicality of switch concept.

5. Ability to absorb/dissipate required energ - during both

the conduction phase and opening/transfer phase of the

switch, energy will be dissipated that could critically
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affect switch operation (by creating thermal instabilities,

for example). The energy density for allowable dissipation

will scale the switch size.

6. Size, cost, complexity of the switch (system) - a clear

advantage over existing technology must exist.

7. Control and rep-rate - for repetitive operation the

switch environment must recover between shots. Also,

long term degradation of the switch medium (and other

parts of the switch system) must be considered (e.g.

introduction of electrode and wall impurities could affect

discharge chemistry).

By focusing quantitatively on the parameters that deter-

mine the relative advantages of inductive power systems over

conventional (capacitive) technology, the operating require-

ments for repetitive opening- switches can be defined. These

operating requirements will then indicate critical basic

research areas that must be pursued and, perhaps more impor-

tantly, technical approaches that are inadequate for the

desired system-operation.

!



49

+0 I 0

+061

401~4 1~ ~ 4

+00 41~G
aIw 40 G 0

0 OR 0"4 ,...

+0 +0l 1 I 4

H re 00
00*

C4
+ r4

+0 (a+

4.4

00
41.

0 44

-r4."

F-4

JmU



-P4-w

It- 00 . 0 4

c) 6zz c p.4
0- 0 oc 0

.r-4 rA 0 r0

a. 00
4-) s

(D~ - 4 $

V4 a r 0

o4 4J t 4J 0
jo w0 0 44

0 a

0. ) ~ *' -4

C140



N N
P3~ 0jF

-4 V An
H- ;-.. 0- t-4

H -.

0- (J

t 0to

9.4 0

-1.4 1.4

to4 414

c 0I



52

0I

14 0

x 40

00

4J 40 "
0 1.

0 0

0 40 441 1

x .. "4 -P

a,.9414 44 CM

%4 C.N .4 .4

"4e N 4

1-4 +I4
HH a, r-4

+ 14
0 1 N 1

0
9-4 + 41

0 44
.V4 "4IN N -

Z~~ C 4+
a)~4 0,'41

.9.4 H

-r44 44 4'

4J4.'

.V4

F94 41 44

4.' 0
44 0(A



53

C4-

04+

P4-

AO
H a,4

011e
-P4V

00.



54

-4

ra 0

0

N +

0 
N P

#-4 H-

P.4

I, 0-

V i t VN U At .
r-44

E4-4 A .4

-VI

-4

"".1

1.4

4.44)

c YA

- 4 .4JV

*"4 41
41>

.P4



C4

0

IN $

0z0

441

U Coo 4)

uC 3c 64
P3 444-4k

a4 0

N nit1

k4"4)js~ 0 HN-*
'-- 4 "4

N4 4 14
*p "4 P4

to o41 a 44

-04 41
*- + . 0

$.4 $'4 "
0 4)

"4 41 44 0

E- 1 ' "

0.P4
-04

. ~ -P4 44

O~0 d) 5
39 Em4 5

'1I7, 4 4



56

caa
E-l >

Sd4

00

El~ SdJ
r4 4 $4

414

COl 0 0
14 .4.0

W'"4

0 P4 u-

-P .'. 0

P-4 k MM
.94 4 .

E1



F 57

0 $0

to AA.rdA
Do 4J 01 "4'

~4 '44 A 1 -4 t 1"

4'1U 0' toV O U a0
01. to44

0.40 411
W4 -A4 tp A0

P41.1 41 A1 -.. go '
C: A41 a .0 41 4
"4~ 0 P E1 41 41w

44 4J 0 0 4t (A 10.
11.4 1' V l o a >94

005a441> 4' a0.04' q

U41 1 '0 m 41. A >
E 0 U4 '~4 i5 4 u-r.4.u4 '5 44 0 -M4 0 4 J 0

0 4 U IS 04 rl 'I641
4'0'5 go a0 0 0 0a 0- -4 40

Q04"4 AX 041 -4 .4 1 0
4 P4 414.4 ' V 0

.0 A4 41 ad V r.
x 4'.441 4 1 41 if a

>14 -M V a 3

a.4 U41 Z4 go1 1U ' 0o 00 4 0 .14 0 U0
r 41 > P- -4 UJ P4

4~41 > 1 aA V '0 414
14US "41r0 -4 1.04'4

40 01 -f 41 '0 1

go.'' 5.4 44 V 0A
0' 014 -4 04J0 = A44 0W 0 0

-W44 S 5 1 04 44 44 4J 1-441
1 00 '44 I ' 0 41 =14 4

0 M. $4 -41 4 114J 14 $4 £0
4''40 £*£4 a' 0 41 6.6

"4 $4 W C4 M a "4 '

X 0 -P C I

41 >- >10a a 0P

wt Sr j f



58

4J 4

"1 0

O-

CO *w4 41 .. 4 0 4J

0-1 C) 41 l~

0 0 R
p ~41 0

E-4 0, r. 0
m ~ 4 0 -V4 IV4 -

U4-) El a 41

*'0 a 0

tp 0 N

0 0~~~~~ 41ElE J

El

0. 0



59

41

0.4 w4

41 41 0 "

-P4 0

-f4 0

4J 0 40 -

0 r 4 -@ "
a30 0 v3 43 4 41

00 "q *41% 0 a a

"4A 4 V$4 $401

0 gou ' 0 0
0 0 0~ )4 a3

0 0 0i a3*%4

w %4 *11 43 a0- 4
43 %4 01
0 0 $4 N 0 r-

i-0 '0 UQ 0 4 -
54 0 0 -4 % w

"4 U4 4 0 41 4 U
J $J4J -H H3 U l 0
0 0 M'N -



60

FUNDAMENTAL PROCESSES IN DIFFUSE DISCHARGES

Manfred A. Biondi
Dept. of Physics & Astronomy, University of Pittsburgh

The purpose of this review is to establish the important processes

in diffuse discharge switch plasmas and to present typical rates for the

processes under expected switching conditions in order to provide a per-

spective for engineering designs. In addition, possible problems with

suggested plasma density/conductivity modification schemes for the switches

will be touched on.

Consider a simplified description of the variation of electron con-

centration ne in a plasma via the continuity equation,

3ne/3t = Pe - a ne2 -va ne (1)

where Pe represents the volume rate of electron (and ion) production via

processes such as electron impact ionization, the second term is the volume

recombination rate, with a the effective two-body electron-ion recombination

coefficient and the third term is the attachment rate, with va the electron

attachment frequency to form negative ions (detachment of electrons from

negative ions is neglected, and diffusion is slow on the time scale of

interest). From Eq. (1), since the recombination rate varies as ne2 and

the attachment rate as ne , in a stationary high density plasma, recombination

balances ionization and thus controls the electron density achieved.

I. Electron-Ion Recombination Processes
Since the plasma conductivity (which controls power transfer and

losses in the switch) depends on the electron concentration (and on the

electron mobility, which will be discussed in the following paper) it is

important to consider the various recombination processes which control the

electron removal. The possible forms of electron-ion recombination are

...... .....
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illustrated in reactions (2) through (5)

A+ + e- - A* + hv , (Radiative) (2)

A+ + e- + e- - A* + e , (Collts.-Radiat.) (3)

A+ + e- + N A' + N , (Neutral Stabil.) (4)

AB+ + e- -(AB*)r , A* + B . (Dissociative) (5)

Reactions (2) and (5) are 2-body in character; however radiative recombination

is too slow to be of interest. Reactions (3) and (4) are three-body in

character, requiring a third-body to remove energy from the system to cause

capture of the free electron. This is shown for reaction (3) in Fig. 1,

where two free electrons (open circles) in the vicinity of an ion A+ interact

and exchange energy, leading to initial capture of one to form the. neutral

excited atom Aj*.

The highly efficient two-body dissociative recombination process,

reaction (5), in effect carries its own energy-removing third-body in the

molecular ion, converting electronic energy into kinetic energy by molecular

dissociation following the initial, resonant capture of the electron, as

indicated by the potential curves of Fig. 2. The electron capture to form

(AB*)r may either be direct (left figure) or indirect, through initial

formation of a Rydberg state (AB*)a (right figure). The rates of the direct

and indirect processes vary differently with electron energy. The magnitudes

and electron temperature dependences of the dissociative recombination

coefficients for various ions may be expressed in the form

a c3oo(Te/300) "x. (6)

Typical values for the various classes of ions are given in Table I.
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Table I. Typical values of recombination coefficients.

Ion Type Examples 300 (cm 3/sec) x

"Simple" Light Diatomic Ne2+, N2+, 02+ n 2 [-7] 0.4 - 0.7
Light Rare Gas Trimer Ne3  1 [-6] 0.3 - 0.4

Molecular Dimer/Trimer N2+'N2, CO+ (CO) 1, 2  . 2 [-6] 0.3 - 0.4

Heavy Rare Gas Diatomic Kr2 
+ , Xe2+ + 2 [-6] 0.5 - 0.6

Polar Cluster Ions H3Ot(H20)n 2 to 4 [-6] 0.0 - 0.1

To assess the relative importance of the various recombination processes

we compare their effective two-body rate coefficients, Mef" For reaction (5),

eff = = " For reaction (3), eff Kcr ne, while for reaction (4), eff = Kns nn'

where the K's are the appropriate three-body rate coefficients. Fig. 3

compares the rates of the various processes at various neutral concentrations

(left side) and electron concentrations (right side) at low and high electron

temperatures. It will be seen that for realistic switch pressures and

plasma densities, at modestly elevated electron temperatures, Te ! 1000 K,

dissociative recombination of any molecular ion (the horizontal lines) outweighs

any other electron recombination process. Further, the effective rate at elevated

temperatures, Te ! 10,000 K, is still so large for most molecular ions

(aeff , 10-7 cm3/sec) that appreciable energy must be expended in creating a

large enough ionization rate to yield a high plasma density.

II. Ion-Ion Recombination Processes

Since electron attachment figures prominently in fast opening switch

plans, the fate of the negative ions formed should be considered - are they

neutralized by recombination with positive ions or do they release their

electrons as a result of collisions with neutrals (detachment)? The two-body,

mutual neutralization (ion-ion recombination) coefficients are typically

amn l0-7cm3/sec at Ti = Tn = 300 K, and the coefficient is expected to
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decrease as T-1/ 2. Neutral-stabilized ion-ion recombination, the ion analogue

of reaction (4), has an effective recombination coefficient at 1000 Torr

-3
pressure and Ti = 300 K, a, = Ki nn - 10-6 cm3/sec, and decreases as Ti-

Thus, in a plasma of charged particle concentration 1014 cm-3, a negative ion

has a lifetime of 1 10-8 sec against neutralization by positive ions, while

detachment of the electron may either be very much slower or comparable in

rate, depending on the process involved (see discussion in Sec. III A).

III. Ion-Molecule Reactions

A. Electron Detachment at Collisions between Negative Ions and Neutrals

In order to reduce the plasma conductivity for switching, electron

attachment to molecules to form stable negative tons is proposed. It is,

however, necessary that the negative ion not detach its electron on subsequent

collisions with neutrals in the plasma. One means of electron detachment is

via impact of a sufficiently energetic negative ion with a neutral,

A-+B)A+e-+B . (7)

As a rule-of-thumb, there is a threshold for such collisional detachment when

the center-of-mass kinetic energy of ion and neutral is of the order of the

electron affinity of the negative ion, and the detachment cross section becomes

appreciable (n, 10-16 cm2) only at 3 to 10 times this energy. Thus, at low

energies, l eV, there is no collisional detachment of strongly bound electrons.

In a switch plasma, the ion energy distribution provides a few higher energy

ions, so that negative ions with weakly bound electrons, e.g., 02" for which

E.A. = 0.4 eV, exhibit some collisional detachment in moderate electric fields,

as shown in Fig. 4. Also, for such ions, gas heating to 500-1000 K provides

measurable collisional detachment.

- - - . - .. . -. . - "r '-.
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Collisional detachment is expected to be negligible in diffuse

discharge switches containing a rare gas/halogen-bearing molecule mixture.

For example, the C1" produced by the dissociative attachment reaction

e- + HCl - (HClI-)r H + Cl- (8)

has a strongly bound electron, E.A. = 3.7 eV. However, if the diffuse discharge

causes appreciable dissociation of the HCl molecules (e.g., by electron impact),

the free hydrogen atoms can cause associative detachment of the electron on

collisions with CI- ions via

C1" + H (HClI)a HCl + e . (9)

This reaction (essentially the inverse of reaction (8)) has been

calculated to proceed at nearly the Langevin rate, i.e., kad ' 10-9 cm3/sec,

independent of ion energy. If 1% of the HCl molecules (assumed to be present

at a pressure of 10 Torr) are dissociated, the lifetime of Cl- against

associative detachment is Tad = 1/(kad[H])= 3 x 10-7 sec. Thus, as the plasma

concentration decreases below 1014 cM- 3 and/or the ion "temperature" in the

applied fields is elevated significantly above 300 K, associative detachment

to free the electron will outweigh neutralization of the negative ion by

ion-ion recombination. However, the rapid dissociative attachment, reaction (8),

assures a negative ion/electron ratio >> 1.

B. Positive Ion Charge Transfer and Clustering Reactions

Since cluster ions such as H3O+.H20 exhibit large dissociative

recombination coefficients over the whole electron temperature range likely

to be encountered in diffuse discharge switches, formation of complex ions by

transfer or clustering reactions can seriously inhibit maximum plasma densities

achieved.
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On the basis of known charge transfer and clustering reaction rates

for related species, for a hypothetical diffuse discharge containing 1000 Torr Ne

and 10 Torr HCl, one postulates the following reaction sequence;

Ne+(or Ne2
+ ) + HCl -o Ne(or 2 Ne) + HCl+  , (10)

followed by

HCl + + HCl + Ne - HCI+.HCI + Ne , (11)

and perhaps further clustering steps. A likely rate for reaction (10) is

kct A0-9 cm3/sec, yielding a time constant for HCl+ formation of

ct =I/(kct[HCl]) 3 ns. For reaction (11), Kc _. 10-27 cm6/sec, leading

to a clustering time constant for HCl +HCl formation of Tc = 1/(K cHCl][Ne])

0.1 nsec. Thus, on a nanosecond time scale,, our hypothetical plasma might

well be dominated by cluster ions, with the attendant problems that that

involves.

IV. Some Potential Problems

In a brief review of this type it is not possible to discuss all

relevant atomic collision processes that control the diffuse discharge's

behavior. To suggest the wide-ranging nature of the relevant processes,

let us consider two that pose possible problems for laser pumping of molecular

vibration to enhance electron attachment in molecules such as HCl.

A. Vibrational Relaxation

If an adequate population of vibrationally excited molecules (e.g.,

HC1t) Is to be attained with reasonable laser pumping powers, vibrational

relaxation due to collisions with other atoms/molecules must be slow.

Ordinary collisions involving conversion of vibrational energy to translational

energy of separation (V-T) are inefficient and do not lead to rapid relaxation.

However, using HCl as an example, in the presence of dissociated atoms of H
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and Cl, vibrational relaxation via atom transfer can be a fast V-T process;

i.e., for the reaction

HCI4(v) + H (H2C) - H + HCl(v' < v), (12)

the rate coefficient may be large, kvr . 10-10 cm3/sec.

In addition, V-V processes, in which vibration is rapidly exchanged

between molecules, tend to defeat selective pumping to a higher vibration

state (such as v - 2); i.e.,

HCI(v = 2) + HCl(v = o) . HCl+(v = 1) + HCl4(v a 1). (13)

Again, this reaction probably exhibits a large rate coefficient, kvv 10-" 0

cm3/sec.

B. Absorption of Pumping Radiation by Plasma Species

To illustrate rather far-out processes that might frustrate an other-

wise promising switch conductivity modulation scheme, consider optical

absorption by plasma species created in the diffuse discharge itself. We

have seen that cluster ions may form and quickly dominate in the switch

plasma. The absorption bands for such ions may lie in awkward spectral

regions - such as at the frequency of the vibration-pumping laser, and one

must consider the concentration of such ions and their absorption coefficients

to decide whether one can neglect the losses they induce. (In rare gas-

halide lasers, absorption bands by the principal plasma ions occasionally

do inhibit laser gain). While this process is rather unlikely to cause

problems in switch plasmas, it is mentioned to suggest the need for great

care in searching out potential pitfalls hidden in seemingly innocent atomic

collision processes.

L-jjjJ1jf- L
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FUNDAMENTAL PROCESSES OF IMPORTANCE IN DIFFUSE DISCHARGES

FOR OPENING SWITCHES*

A. V. Phelpst

Joint Institute for Laboratory Astrophysics

National Bureau of Standards and University of Colorado

Boulder, CO 80309

1. INTRODUCTION

We will continue the review of fundamental processes relevant to diffuse

discharge opening switches with discussions of various aspects of electron

collisions with atoms and molecules. In Sec. 11 we discuss examples of data

concerning the elastic collisions of electrons with molecules. The subject of

electron attachment to molecules is reviewed in Sec. III. This will be

followed by a consideration of electron collisional ionization in Sec. IV, and

finally In Sec. V we consider the topic of gas heating resulting from electron

collisions with gas molecules.

II. ELASTIC COLLISIONS

In Fig. 1 we show a recent compilation which we have made of the total

cross sections for electron scattering in nitrogen. The uppermost curve is

*This work was supported in part by the U. S. Army Research Office.

tStaff Member, Quantum Physics Division, National Bureau of Standards.
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the sum of the elastic, excitation and ionization cross sections as measured

by attenuation of a beam of electrons.1 ,2  The various partial cross sections

are shown by the dashed curves. The short dashed curve shows the energy

dependence of the total cross section for elastic scattering. This curve is

based on experimental data3 for electron energies up to 400 eV. At higher

energies we have mede use of theoretical calculations.4  The total ionization

cross section is taken from the work of Rapp and Englander-Golden.5 The sum

of the excitation cross sections shown here is taken from Pitchford and

Phelps.
6

The cross sections shown in Fig. I for N2 are illustrative of the data

now available for a few gases such as nitrogen, argon and helium. In addition

to these total cross sections, a thorough analysis of electron motion in gases

requires a knowledge of the differential cross section for electron

scattering, that is, information concerning the angular distribution of the

scattered electrons. Figure 2 shows an example of such data again for N2.

Here we have plotted experimental values 3 ' 7 of the differential cross sections

weighted by the sine of the scattering angle, since this is the function which

is used to determine the various partial cross sections. The partial cross

sections are defined by the equation shown in Fig. 2. This relationship

comes from an expansion of the differential scattering cross section in

spherical harmonics. If we consider n - 0 we obtain the total cross section

for elastic scattering at 10 eV which was shown in Fig. 1. If n - 1 we have

an additional cosine weighting of the differential scattering cross section.

The difference between % and Q, is the well-known momentum transfer cross

section.

I would now like to call your attention to a recent compilation of cross

sections for elastic scattering in some of the more common gases by Rayashi. 1
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This report presents graphical and tabular data for the sum of the total cross

sections as well as the total transport cross sections for elastic

scattering. Although I have checked only parts of this report, I believe

these data are the best available in print at the present time. For some

gases of interest for diffuse discharge switches, very little experimental

data are available, and we must turn our attention to theory. Padial,

Norcross and Collins8 have recently carried out detailed calculations of

electron scattering in W.1 for electron energies between about 0.3 eV and 10

eV. Of particular interest is the low electron energy range where, contrary

to previous theories, the elastic scattering cross section is comparable with

or larger than the rotational excitation cross section. This set of

theoretical cross sections has been found to be in very good agreement with a

set of cross sections derived from very recent measurements of electron

transport coefficient for WA by Davies, as reported by Chantry.9

111. ELECTRON ATTACHMENT

In this section we discuss the process of electron attachment. For the

purposes of this discussion we will consider the oxygen molecule, for which

the potential energy curves are shown in Fig. 3. These curves show the ground

state and the first excited state, the a 1Ag state, of the neutral molecule.

Also shown are the X2n ground state and one of the excited states, a 2 u

state, of 02. At low electron energies, electron attachment occurs to the

oxygen molecule via a three-body process involving vibrational states of the

x2rE state of 0. Although this process is of great importance in high

pressure gases containing oxygen, the rate coefficients for this process are

large only for low energy electrons.10  It is therefore an undesirable process

for diffuse discharge switches. In order to avoid attachment by such low
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energy processes one would like to work with molecules which do not have

stable negative ion ground states such as is shown in Fig. 3.

The type of potential energy curve associated with attachment processes

appropriate to diffuse discharge opening switches is shown by that for the

repulsive 211 state of 0- shown in Fig. 3. The theory for dissociative

detachment via this potential energy curve has been worked out in some detail

by O'Malley.' 1 The solid vertical lines show the region of internuclear

separation for which there is a high probability of electron attachment from

the lowest vibrational state of neutral 02. According to this theory,

electrons with energies above about 6 eV can attach to the 02 molecule in the

dissociating state. The nuclei then begin to move apart. As the nuclei

separate the electron can be reemitted, that is, it can be autodetached from

the negative ion. If detachment occurs, the oxygen molecule may be left in

the vibrationally excited state. If detachment does not occur, then the

nuclei will separate forming a neutral oxygen atom and an oxygen atomic

negative ion.

If a neutral oxygen molecule is initially in a vibrational excited state,

then the range of nuclear separations which can lead to dissociative

attachment is indicated by the vertical dashed lines of Fig. 3. One notes

that for negative ions formed near the outer turning point, there is less

distance to travel before reaching the crossing point for the X3E and 2ru

curves and autodetachment is less likely. This leads to a much larger

probability of negative ion formation at low electron energies. Calculated

cross sections for electron attachment to the various vibrationally excited

states of 02 as obtained by O'Malley 1 1 are shown in Fig. 4. One notes that

there is approximately a factor of 20 increase in the dissociative attachment

cross section in going from the ground vibrational state to the fifth

,1
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vibrational state. The potential energy curve and autodetachment lifetime

parameters required for this theoretical calculation were obtained by fitting

temperature dependent electron attachment coefficient data obtained by

Henderson, Fite, and Brackmann.
12

Similar theoretical calculations have been made for other molecules in

response to observations of temperature dependent attachment coefficients. An

example is that of HU where Allan and Wong13 measured a very significant

variation in the attachment coefficient with temperature. Other studies of

electron attachment to HC1 are those of Davies as reported by Chantry,
9 in

which simultaneous measurements were made of electron attachment coefficient

and electron drift velocity. The latter measurements were made only at room

temperature.

Figure 5 shows a plot of integrated electron attachment coefficients as a

function of electron energy of the peak of the attachment cross section for a

number of gases,9,14,15 some of which may be of use in diffuse discharge

opening switches. The gases shown here are those with distinct peak cross

sections well above zero energy. This plot does not show data for gases with

large low energy attachment cross sections. The solid line in the upper right

hand corner of this picture shows an approximate theoretical limit for

resonance-type electron attachment.15 Another way of looking at electron

attachment data is to plot the attachment coefficient from electron swarm

experiments as a function of the mean electron energy. Such a survey has

recently been made by Chantry.
9

IV. ELECTRON IMPACT IONIZATION

In this section we discuss data concerned with the process of electron

impact ionization of atoms and molecules. A number of surveys and data
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compilations have been prepared on this subject and I would particularly like

to call attention the articles by Moiseiwitsch and Smith, 16 and by Lotz 17 and
10

by Dutton. The latter article is concerned with data obtained by electron

swarm techniques. In addition there is the data compilation by Kieffer.
18

We now turn to the problem of multi-step or cumulative ionization. This

is ionization which occurs in a succession of processes beginning with

electron excitation of the atom or molecule and ending with electron impact

ionization of an excited atom or molecule. 19  Figure 6 shows a schematic of

such processes. In the upper part of the diagram we have shown a simple

schematic of the energy levels of an atom. The arrows indicate electron

impact excitation and deexcitation. This schematic indicates that ionization

of a ground state atom can occur via collisions involving excited atoms.

Furthermore, there is the possibility of electron-ion recombination resulting

in an excited atom which gradually is deexcited by collisions to the ground

state. In the absence of competing processes, such a system would be in a

Saha-Boltzmann equilibrium at the temperature of the electrons. In this

schematic we have indicated one possible competing recombination process, that

is, the process of dissociative recombination discussed at this workshop by

Professor Biondi. According to this process, the atomic ions collide with two

neutral atoms to form a molecular ion in three-body collision process.

Electrons may now collide with this molecular ion causing dissociative

recombination. The product of this process will, in general, be an excited

atom. Under most discharge situations, this recombinition process is not

balanced by an ionization process, such as associative ionization. The result

is a flow of excitation from the ionization continuum downward to one of the

lower excited states of the atom. This is followed by electron impact I

excitation to the ionization continuum. Models built from this group of
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processes can be used to describe the role of multistep ionization in high

energy density electrical discharges, such as may be encountered in diffuse

discharge opening switches.

The lower diagram in Fig. 6 shows representative excited state

populations as a function of the electron energy of the excited state. The

dashed curves represent lines with a slope appropriate to the electron

temperature. It is only the lower and very highly excited states for which

the population ratios follow the electron temperature. An important result of

this model is a description of the ionization process in term of the density

of atoms in the lowest excited state in the loop shown in Fig. 6 and in terms

of the electron and positive ion densities and the electron temperature. Such

results are more conveniently expressed in terms of the collision-recombina-

tion coefficient or a three-body electron-ion recombination coefficient rather

than in terms of the ionization coefficient because of the slower variation of

the recombination coefficient with electron temperature. Figure 7 show the

results of such calculations. 1 9 20  The dashed curve and the points show

calculated collisional-recombination coefficients for a hydrogen-like atom as

a function of electron temperature. The calculations are shown for a number

of lower excited states considered in the loop of Fig. 6. The solid line at

the bottom of the diagram shows a representative collisional recombination

coefficient in which neutral atoms are the third body.
19

We now turn briefly to the subject of electron impact ionization of

excited molecules. Very little information is available on this subject.

Recently Armentrout, et al. 2 1 have measured the cross section for the electron

impact ionization of nitrogen molecules in the A 3 state. These results are

found to be in approximate agreement with theoretical calculations of the same

quantity.
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V. GAS HEATING BY ELECTRON COLLISION PROCESSES

In this section we review the available data on electron impact heating

of gases. The review is very short because data are available only for

nitrogen and air. Figure 8 shows the plot of experimental data obtained by a

number of authors, 22 - 25 primarily Russians. The lowest dashed curve in this

figure shows the results of theoretical calculations of rotational excitation

26by Engelhardt, Phelps and Risk, which have been used in most analyses of the

subject. The solid curve shows the results of calculations using the cross

section set of Pitchford and Phelps.6 The upper dashed curve shows the

results of our, as yet incomplete, calculations in which the cross sections

for the rotational excitation of the nitrogen molecule were increased by a

factor of two. Napartovich et al.24 report calculations using theoretical

rotational excitation cross sections of Oksyuk 27 which agree well with

experiment at E/N near 3 x 10- 20 V i 2 , but which increase too rapidly as E/N

is decreased. The portion of the solid curve for E/N electric field to gas

density ratios below 5 x 10. 20 V m2 represents gas heating via rotational

excitation of the nitrogen molecule. The portion of this curve at higher E/N

is caused by electronic excitation of the nitrogen molecule and subsequent

collisional deexcitation of the excited molecules. One set of similar data

has been published for the heating of air by electrons.28 The values are much

larger than we calculate using the available information for electron impact

excitation of rotational levels of nitrogen6 and oxygen.29  One possible

explanation is that the experimental data actually apply to moist air,

although the contrary is stated in the publication.
28
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VI. SUMMARY

We have presented the very brief summary of electron impact data relative

to diffuse discharge opening switches. The data set that we have cited for

the nitrogen molecule is an example of the rather complete set of information

currently available for that gas. Unfortunately, very few data are available

for most gases, for example, CH4 . Many more experiments using the various

techniques of electron scattering and of electron transport measurements are

necessary in order to provide the information necessary for the design and

optimization of discharge switches.

' I
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Fig. 1. Total cross sections for electron collisions with N2 . The solid

curve is sum of the total cross sections for elastic, excitation and

ionization collisions as shown by the dashed curves.
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and Multistep Ionization
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Fig. 6. Representative ultistep ionization problem. Top: Schematic of

energy levels of atom showing excitation, deexcitation, ionization

and collisional recombination via the excited states and dissociative

recombination via the molecular ion. Bottom: schematic of relative

excited state populations given by model.
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*,Ref. 24; A, Ref. 25. The smooth curves are calculated values as

discussed in the text.
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ARCS vs DIFFUSE DISCHARGES

Alan Garscadden
AFWAL/POOC-3

Aero Propulsion Laboratory/Energy Conversion Branch
Air Force Wright Aeronautical Laboratories
Wright-Patterson Air Force Base OH 45433

The purpose of these notes is to answer the question - why diffuse dis-

charge opening switches, that is, why use a diffuse discharge instead of an arc

discharge as an opening switch in the context of external optical - or electron

beam - control?

First of all, let's define terms. A diffuse discharge is defined as an

extended volume non-equilibrium discharge. If externally sustained, e.g. by

an electron beam, the ideal diffuse glow discharge has a positive current -

voltage characteristic. After sufficient voltage has been applied to estab-

lish the electrode sheath conditions the slope of this characteristic depends

on the external ionization source. The discharge is in a non-equilibrium

state in that the "electron temperature"* > vibrational temperature > gas

temperature.

Arc discharges are of several types (Tables 1 & 2). The name has not

been applied consistently so that there are variations in the implied condi-

tions by different authors. However the arc discharge under most situations

will have a negative differential current-voltage characteristic. At low

pressures the electron gas is not in equilibrium with the gas translational

energy and the term arc discharge seems to originate from the condition of

small cathode fall of potential(2. More modern usage restricts the use of

* Here "electron temperature"is defined in the generalized sense (

e(E/N)~I f u 1 fE/N)du.

The vibrational temperature is defined in a similar manner where the distri-
bution function describes the population of the vibrational levels.



92

arc to the condition that the discharge must have nearly equal electron and

heavy particle temperatures (Local Thermodynamic Equilibrium - LTE). We will

follow this latter definition.

A classic resource on arc physics is the chapter by Finkelnburg and

Maecker in the 1956 Handbuch der Physik 22. From a simplified electron kinetic

approach and energy conservation equation, they derive the relationship between

the electron temperature and the gas temperature shown in Table 3. When these

are applied to a high current argon arc, the results obtained are given in

Table 4. It is noted that the assumed condition of LTE in such an arc is

satisfied to within a few percent. The electron energy equilibration time is

very fast.

Arc discharges have been used as circuit intercepters for many years. (3

The principles that have been employed to cool and deionize the gas are

1) lengthening the column

2) gas blasts

3) surface deionization

4) high gas pressure or vacuum

5) fluid action

6) magnetic field blowout

These principles are used singly or in combination in circuit breakers.

Experimenters studying the glow discharge CO2 laser noticed that sub-

stantial impedance changes occurred during the change from lasing to non-

lasing ( . A favorite question was "does lasing heat up or cool the gas"

For certain circuit conditions and gas flow it is possible to arrange that

the interruption of lasing will switch the discharge off,.

II
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The requirements for optical or electron beam control of an arc discharge

are considerably more demanding than for a glow discharge. It is in concept

possible to consider alteration of the discharge characteristic so that the

load-line of the ballast resistor no longer intercepts the discharge charac-

teristic. The perturbation required to achieve this would be substantial.

In the arc itself, current densities are estimated (6 '7 to approach 103 amperes

cm"2 at an electric field of 10 kV cm-1 in hydrogen. The direct ionization

pump rate in this high current atmospheric arc is of the order of 1023 cm 3

sec" 7. To have an external electron beam ionization source compete with

this rate would require e-beam ionization power of the order 105 watts cm
3

(for a molecular gas mixture similar to He-N2-C02 ). This is a large value

to achieve for any extended duration. For switch-off of an arc it is not

sufficient to make an instantaneous perturbation as there is an energy reser-

voir at the same initial temperature comprised of the excited states and trans-

lational energy of the gas.

Collisions of the second kind are the coupling mechanism back to the

electrons. The gas thermal decay time is then the time constant for decay

of the ionization. This is the reason for the use of the macroscopic methods

previously listed for arc interruption. The Kauffman criterion for stability

of an arc discharge also determines its operational point (Figure 1). This

indicates that the external ballast resistor R must be greater than the

differential negative resistance of the arc discharge for this perturbation

method to apply. The circuit resistance of the discharge is about the same

value. This typically means that the switch cannot be more than 50% efficient

even if an optical source or e-beam source can meet the perturbation power re-

quirements. It is noted that these considerations are derived from a pertur-
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bation of a steady-state condition. A full time dependent analysis for a

pulsed discharge needs to be developed. Thus, while arc discharges can be

used as circuit interrupters their disadvantages are the long time to

switch-off and also their lifetime which seems to be limited principally

(8
by electrode erosion. An excellent review of the vacuum arc switch is

the paper (9 "The Interruption of Vacuum Arcs at High DC Voltages" by A. S.

Gilmour and 0. L. Lockwood (State University of New York at Buffalo) in 1975.

Opto-galvanic effects with reasonable efficiencies can be found at lower

gas pressures. (1112 J. Lawler(10 has made a detailed analysis of the laser

induced depletion of metastable atoms (helium, and more recently neon). It

appears that the switch efficiency comments apply to the low pressure glow

discharges also. While the current densities in individual tubes can be

quite large, the total current is usually limited to less than an ampere.

It is true that optical galvanic effects can be found with reasonable effi-

ciencies. Van den Hoek and Vtsser 11 determined that impedance changes per

unit absorbed power in a modest current arc in mercury were 1.6 x 10" ohms/

milliwatt (X - 577 nm, absorbed power = 20%) and in a sodium arc were 0.2 x

l0" ohms/milliwatt (X = 568.8 nm, absorbed power > 95%). Here there is

also the requirement of achieving control of currents of sufficiently large

magnitude to be of interest. If one goes to larger fractional ionization, the

electron-electron interaction assumes control and the laser has to compete

with rather high electon impact rates that repopulate the perturbed levels.

If one tries to get around this by using many discharges in parallel, then

each discharge has to be very individually ballasted and the laser illumina-

tion has to be very carefully controlled to avoid runaway by one discharge.

If, for economic reasons the discharges use a common cold cathode, Emeleus
(13

(Figs. 2 & 3) has demonstrated that such discharges in parallel require very
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exacting identical running and perturbing conditions.

For arcs within the same vacuum chamber, Harry and Knight {14 have shown

that simultaneous operation from one power supply can be achieved if ballast

resistances are included at all electrodes. These resistances must have

values approximating the arc differential resistance. While this degrades

the switch efficiency in principle, in practice quite low values of ballast

resistance are found to be adequate. There does not seem to have been a

serious attempt to exploit the astable nature of coupled arcs as a switching

device. One might gain the advantage by using the very rapid increase in

impedance of one arc rather than having to concentrate on reducing the impe-

dance of the first arc. This comment neglects the eventual problem of cir-
cult interruption after a pulse train of such relaxation oscillations. Even

(in a low pressure arc the collisional relaxation times are quite short.II'12

The excitation and ionization time is estimated to be < 106 secs and the

thermal conduction time of the heavy particles is estimated as - l0 4 secs.
Thus to permit deionization and energy relaxation the perturbation should be

on for several times the longest time constant (even for these modest arcs

at a few amperes and tens of volts) to prevent the arc re-igniting.

In general, as recognized by Schoenbach et.al! 15 for optical control of

an opening switch to be effective, some method is needed whereby there is a

feedback by the discharge of a process initiated by the incoherent light

source or laser. Thus, if the laser triggers dissociation producing an

attaching species and the electron impact dissociation rate is an increasing

function of E/N such that the attachment rate at high E/N is greater than

the ionization rate, then the conductivity of the discharge decreases. It

has been suggested that an infra-red laser could be used to excite higher
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vibrational levels (V 1, 2) of HC and that the markedly higher dissociative

attachment cross-sections for these levels would produce lower conductivity.

We point out that the electron impact vibrational excitation of the V - 1

level is reasonably efficient at low electron energies and that the threshold

for dissociative attachment decreases with the increase in vibrational level,

thus favoring lower energy electrons and low E/N to increase the attachment

rate rather than the increase in E/N anticipated at current interruption.

The distributed electron beam sustained discharge (16 typically uses an

ionization rate of 1016 - 1019 ionizations cm"3 sec-1 . This requires an ioni-

zation power of 10 * 102 watts cm"3. These values are within contemporary

e-beam technology. The limitations on the e-beam power are mainly determined

by the maximum foil heating permissible (Fig. 4). The e-beam energy is pre-

ferably greater than 150 kV. The e-beam energy infuences the aperture that

can be used in another way. There Is a limitation to the total scaling of

the e-beam aperture and hence the switch current. This is the influence of

the intrinsic magnetic field of the plasma current on the energy and current-
voltage characteristics of the externally sustained d(scharge!17,18 The

effect is physically illustrated in Fig. 5. This leads to the relationship

between the maximum aperture area and current density product as a function of

e-beam energy illustrated in Fig. 6 (after Hsia et.al.( 17 ). Note that the

principal effect is on the beam electrons and that the effect on the plasma

electrons is small due to their low mobility (ie H/c << 1). This criterion (Fig. 6)

was developed for the optical homogeneity of visible lasers and it is probably

too severe. However, it is indicative of the currents at which inhomogenet-

ties in a pulsed discharge are inherent and may, with other combined effects,

lead to arcing. Of course a compensating magnetic field can be applied,
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however, the switch is becoming more complex and the energy/maintenance costs

are significant even with state-of-the-art superconducting fields.

The e-beam sustained discharge can be made reasonably homogeneous below

this total current value, provided that the introduction of electrophilic

species does not cause the attachment instability(16 and the frequently

associated glow-to-arc transition.

The electron beam controlled switch scales easier in voltages than in

current because at higher current densities the recombination losses become

significant. It is advantageous to use a gas or gas mixture with a high drift

velocity at low E/N. One way to achieve this is to use a gas with a Ramsauer

minimum in the momentum transfer cross-section (actually, the requirement is

a steeply increasing momentum transfer cross-section with increasing electron

energy, but one usually implies the other) and an inelastic loss process at

low electron energy. Thus gas mixtures such as N2-Ar qualify or a single

gas such as CH4 has the desired properties. Such an e-beam switch does work

at low switch currents (P. Bletzinger, these proceedings), however in order

to satisfy the switch-off time constant requirements, it is usually necessary

to add an attaching gas. This adds losses to the on-condition and may compli-

cate the plasma chemistry, especially for high repetition rate operation.

Operation of such switches at currents competitive to thyratron capabilities

has yet to be demonstrated. The addition of optical control to an e-beam

controlled discharge is quite speculative. One can envisage additional

vibrational excitation via lasers, however, besides requiring large laser

powers, it has to compete with the vibrational-rotational excitation due to

electron collisions. Again, if there are excitation thresholds at higher

energies that would be accessible to laser control, then it might be possible

i1
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to use the laser as a trigger and let the increasing E/N act as a built-

in feedback to increase the attachment rate without increasing the

discharge ionization rate. Stable appropriate molecules or compounds

have not yet been identified and tested. The use of photochemistry or

electron impact dissociation to produce macroscopic changes affecting

the electron conductivity has not yet been demonstrated. For instance,

a very speculative suggestion is to use a compound such as SiH 4 as a

component. It is analogous to CH4 and has a very high electron drift

velocity. Under intense discharge conditions, it dissociates rapidly

and much deposits out as a thin film 19 . The discharge conductivity is

predicted to decrease by about a factor of eight for these conditions.

There are difficulties with this approach as the amount of gas required

is approximately proportional to the current transfer. However

discharges under conditions where there is essentially a change of phase

seem to offer the potential for the desired macroscopic changes in

electronic conductivity within reasonable volumes, and are an attractive

basic research area that is relatively unexplored. (see Fig. 7)
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E-BEAM EXPERIMENTS
INTERPRETATIONS AND EXTRAPOLATIONS

P. Bletzinger
AFWAL Propulsion Laboratory

Abstract

A short summary of the theory of externally ionized plasmas using the

continuity equation is given and the limitations of some simplifications are
noted. A comparison of previous experiments is made. Experimental results

using methane as the discharge gas are presented in the form of I-V curves,

cathode fall voltages and some temporal waveforms for pulsed discharges.

The discharge decay is used to derive effective recombination and attachment

rates and this information is used to compute theoretical I-V curves for

comparison with the experimental results. Also, the experimental results

are extrapolated to higher current densities. In an appendix, calculations

of the I-V curves with consideration of the cathode sheath effects are com-

pared with the experiments and the influence of secondary emission and

ionization using metastables is demonstrated.

NOTE: Portions of this material have been submitted for publication
elsewhere.

I;
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INTRODUCTION

Initial experiments with a small (5 x 15 cm aperture, 1.5 mA/cm2 max.

pulsed beam current after the foil) E-beam ionized discharge system have been

reported at the previous ARO workshop. In these measurements, the discharge

characteristics in argon were shown to be strongly influenced by additional

ionization in the cathode sheath, resulting in a much lower discharge voltage

drop and higher conductivity than expected from consideration of the argon

drift velocity alone. Unfortunately, argon has a very low breakdown strength

for post-discharge arcs (600 V/cm in pure argon in our experiment). The ex-

periments to be reported here were performed in methane, which is known to

have a very high drift velocity in the range of reduced electric fields (EJN)

of interest for an E-beam controlled switch. As will be shown, methane dis-

charges also have increased conductivity due to cathode sheath effects, al-

though to a lesser degree than argon. Methane's breakdown strength, avoiding

post-arcs, was much higher (5KV/cm). Also, due to an unexpected high re-

combination rate and small attachment rate, the discharge decay (switch-off

time) was less than 3-10 "5 sec. Since the E-beam ionized discharge is to be

used as a switch element, it is best described by its I-V characteristic and

several examples will be shown.

It is felt necessary to first define the discharge by one-dimensional con-

tinuity equations and show the approximations which can be made as well as the

implications of these approximations. A comparison of published E-beam ex-

periments will be made. The experimental results with our low-current E-gun

will be discussed next and a comparison with theory follows. In conclusion,

extrapolations of the low current results to higher E-beam and discharge

currents will be made.
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The E-beam ionized discharge is best described by one-dimensional con-

tinuity equations and, if space charge is to be considered, by Poisson's

equation. Following (1) we can write for the electron density ne:

-a S + nea II' - an (1)

at ee+ a

where S is the source function (ion-electron pairs sec "1 cm"3) which can be

obtained for the E-beam parameters from the well-known tables of Berger and

Seltzer (2), a is Townsend's first ionization coefficient, w the electron

drift velocity, a the recombfnation coefficient, n+ is the ion density, Je

the electron current density (in number of electrons per cm2 per sec) and is

defined as

ane
Je e aD (2)

where D is the electron diffusion coefficient. If attachment is to be in-

cluded, then the ionization coefficient can be replaced by a net ionization

coefficient which includes the losses by attachment. If we now restrict

ourselves to a homogeneous discharge (- - o) and assume ne - n+, then

dn S + n a w - an2  (3)

Equivalent continuity equations can be written for the ions; for the dis-

charge current, the contribution of the ion current is usually neglected

because of the much lower ion mobility; therefore the discharge current

density is simply

JD e w (4)

[
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dn
For I-V characteristics the steady-state value of ne can be obtained

e dt 0 a eotie
from eqn. 3, and since for the switch-discharge case the applied electric field
is much below the self-breakdown threshold, the ionization term in eqn. 3 can

also be set to zero. With no attachment, we then obtain for the electron

density

neu l (5)

which, with (4) and the equation for S gives us the ratio of discharge current

density to E-beam current density, or the switch gain

JD/JB 1 (6)
/dn e

If attachment is included, we obtain from the modified eqn. (3) (and 0)
ne. ~ ~ (+ )1/2 . A 7

n A- ) 1/71

where B is the attachment frequency (sec ). If attachment dominates, then

ne a S/B (8)

Note that in this case the switch gain is constant.

While these approximations have very much simplified the equation for the

discharge current density, they are still very useful since they now allow a

first order estimate of the influence of the functional variation of the

materials parameters a, W and also B with the reduced electric field E/N on

the I-V characteristics, as has been done by L. Kline (3). As will be shown

later, for low E-beam currents and especially for certain gases like argon,

the simplified equation (2) is no longer valid and boundary effects will cause

noticeable deviations from characteristics derived from the simple theory.
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In general, however, the above equations can be used to derive scaling para-

meters and to interpret reported experimental results. Table I gives a

summary of some of the relevant experiments

TABLE I

_ __~Ub SWCN SWCNTS GAS JB/EBa SWITCH AI rsre f S

Kovllchvk & 1-808 112  1.5 A/CRm ZA/r
Z  (2000) delay I06-10 I/A 700KV

Mtsysts Initited1 1-16 Ate 100-35OWY PAX 4104.10.87? NA"

1971 Patentt (71)1

ovelchok &Z I 0.4 A/M 2  40A/c.
z  

6-100 delay 3.10'
7 10"4.10 "  

171W
weosysts 1-4L.6 Ate0; -1

"

hnter Patent CH4  S A/m z7 A/A .5 4.10- 7  4.10-7  SO0

1976 (1977) 1 Ate 2SO"

Mconald @7.8l. 9-"eM N 2 * Ar, 110 At
2  

1.6-3.2 (23) delay Sm /A "00gW

Texas Tech. Ini tated * SF6 145-US A/=
2  

Z.5-3.10
"
9

1960 1-3 Ate

L. KliG Theory C44(8 other) 5 mA/c. 2.5 A/c. SO1.-000 (1.10 4  '1.104 100

Westinghouse 1-3 Atm

1960

l etzinger Pulsed & CM N29 Ar. CH4  1.SeA/cus 1.5 A/lo 1000- 31.107
4  1.104 121

An"1AI1 & Attachers AX MX MAX

1910.81 1 Atm 1751

EB: E-beam voltage

: Risetime of discharge pulse

T f: Falltime of discharge pulse

E Sw: Switched discharge voltage

Koval'chuk & Mesyats (l971) (4 ) and McDonald et.al.(5)(l980) refer to experi-

ments with electron beam triggered sparkgaps and are listed for comparison

only.

Near_-I
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As can be seen from the table, the early experiments of Kovalchuk & Mesyats(6)

and of Hunter (7 ) used large E-beam current densities, resulting in low gain

(eqn. 6). Also their guns, derived from laser experiments, were cold cathode

types requiring the full E-beam voltage to be switched and therefore resulting

in even lower power gain. On the other hand, they achieved very fast risetimes

and could afford to work with added attaching gases (impurities) which resulted

in fast fall times. Hunter (7) recognized the importance of having a gas with

a high electron drift velocity and therefore chose methane. As can be seen

from Fig. 1, methane has an electron drift velocity peaking at more than

107 cm/sec. at about 3

Townsend. In actual 107-3

switch devices the re-

duced electric field may W
(cmlsec)

be somewhat lower and

there the addition of

argon will slightly in- 106

crease W over the

value in methane

alone (8).

As reported at last

year's ARO workshop, we !00.1 I 100 E/N (Td)

have used a small 5x15

cm aperture E-beam with FIG. 1 Electron Drift velocity vs reduced
electric field for l:nitrogen, 2:nitro-

energy of 175 KeV and gen/argon, 3:methane, 4:methane/argon
80:10%, 5:methane/argon 50:50%

maximum peak current (1-3 from ref (3), 4 and 5 from ref (7))

density of 1.5 mA/cm2 to test E-beam ionized discharges at low JB" At very low

,1.
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(CW) E-beam currents and constant current load (RL. ), the very nonlinear

characteristic of these discharges becomes apparent (Fig. 2).

As shown for the

right hand argon Ar I /ImA 1/c2-

curve, the charac- /ArN2/ 12

teristic starts out .8 / N/I /,O
with a very low con- /
ductivity and at a .6 / / 8-

certain electric I /
field switches over M .46
to a very high con- - 4-

ductivity (impedance 02 2

10-20 Ohm for argon). 2-

Comparing conducti-

vities of the various 0 .5 I 1.5 2 2.5 3 3.5 kV
Discharge Voltage

gases (including

methane, Fig. 3) FIG. 2 I-V characteristics at very low (CW current den-
siti!s, JB for _hese cugves (leftrto right,€

one finds that there A/cm'):6
3 7.104, 8.10- , 2, 2.8.10-

9.3.10- .All gases at 760 Torr.

is no correlation between

the conductivity and the drift velocities of these gases in the high conduc-

tivity range of the characteristics. In this operating range, ionization in

the cathode sheath has a larger influence than ionization by the E-beam. The

non-monotonic I-V characteristic has been predicted theoretically by Velikhov

et.al. (9), Zakharov et.al. (10) and, in a more consistent manner covering

a wider range of discharge parameters by Lowke and Davies (1). Also it has

been observed experimentally by Averin et.al. in nitrogen (11). As the

* _ -
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FIG. 3 Am

I-V characteristics forA
methane (pulsed) R load A
400 Ohm, 760 Torr..5

4.10

* 0.3
0.075

Ua01 (mA/cjn2 )

.05

01 0

0 .5 1 1.5 2 kV
Discharge Voltage

A A/cm 2

120 -1.6

j9=1.3mA1.4
100-

4-1.

FIG. 4 8

I-V charac- 760 Torr
teristics C
for methane a .
(pulsed)
R load -40 #Aii'/M .6
Ohm at
different 4
pressures .7m/M

2 0 - .2

0 0
0 1 2 3 4 5 6

Discharge Voltage (kV)
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E-beam and discharge current densities are increased using pulsed operation

and lower load resistances (Fig. 4), a third regime of the I-V characteristic

is observed, where eqn. 5 becomes valid. In Fig. 4 we see that at reduced

pressure at lower currents (in the high conductivity regime) the higher E/N

causes higher conductivity while at the higher currents, where the cathode

sheath effects no longer dominate, the lower source function reduces the con-

ductivity. For efficient operation of a switch, one would however try to

operate at the highest current density which is still in the high conductivity-

low voltage drop regime and therefore still make use of cathode sheath effects.

The dual role of argon when added to methane is illustrated in Fig. 5. In

the high con-

ductivity range A Akcm 2

It increases 120 -1=l3rA/cm2  -. 6

conductivity due 100 Q 1

to its high -- b 1.2
4;

ionization eff- 01.0

ciency and in 2 60 /mAIcm 2  .-

the third regime q -

by increasing S 40/ .6

the effective __ _ .420 /
electron drift .2

velocity of the 0 0
0 2I

mixture in the Discharge Vottage (kV)

E/N range used
FIG. 5 a: Methane 760 Torr

(See Fig 1.). b: Methane + 60 Torr of Argon, 760 Torr total
c: Methane + 250 Torr of Argon, 760 Torr total

k)
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At the high percentages of argon, however, the threshold voltage for post-

discharge arcs is lowered. When adding an attaching gas, the conductivity is

lowered, as expected (Fig. 6). According to M. A. Blondi (comment at the

ARO workshop), the strong effect of water vapor observed could also be caused

by a large increase in the recombination coefficient due to the formation of

large cluster

ions. The 140 A/cm 2

A
fall time of 120 1.6

the discharge .A

current pulse 100

after E-beam 280 - - b1.
switch-off c

was decreased 60 /8
only withU 40 =.6

relatively ;,.4

large amounts 20 / O5Ac 2 .2
(10 Torr) of I

0 -
water vapor 0 2 3 4 5 6

added. Discharge Voltage (kV)

Fig. 6 a: Methane 760 Torr
b: Methane + 1 Torr H 0, 760 Torr total
c: Methane + 10 Torr A26, 760 Torr total

Another characteristic important for the understanding of discharges is

the distribution of the electric field between the electrodes. In particular

the voltage drop across the positive column and across the cathode fall are

of interest. When changing the position of the movable cathode the linear

voltage drop across the positive column can be measured, the extrapolation to
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zero electrode distance results in a voltage offset which corresponds to the

cathode fall. For these measurements it was assumed that if the current at

each distance was held to the

same value, then the E/N value

also would be the same for each 800 760 Torr
. B=3.4

measurement. Fig. 7 shows the -

cathode fall voltages measured .

CH4
for argon and methane. Note v600
that the cathode fall voltages 0 200 Torr

for each gas are a strong func- 760

tion of E-beam current and have 007.5-10-4

a weaker dependence on discharge W 200Twr

currents. In all gases the 0

cathode fall voltages were much a 2
Q0

larger than the voltage drops Ar
760 Torr

per cm in the discharge volume, JBs75.10-4

therefore except for very long ,J,_,_,_,_,____

discharge paths the cathode 0 2 .4 .6 8JD (A/cmn2 )

fall voltages will represent a

major portion of the total dis- Fig. 7 Cathode fall voltages in methane
and a gon as a function of j,jB

charge voltage. Cathode fall (A/cm ) parameter.

voltages in nitrogen were considerably higher and ranged from 1.1kV for a Jb =

7.5.10 "4 A/cm2 to 2kV at jb = 3.10"4 A/cm 2, both at Jd a "2A/cm2. The reduced

electric field in the positive column for argon and methane are shown in Fig.

8 where the E/N values for argon were only in the range of .005 to .023 Td.

For nitrogen E/N was measured to be 1.3 and 1.7 Td for the values of Jb and id

listed above.
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E/N

(Td)

5

CH4
200 Torr

4 z3"10-4

3

2 CH4
200 Torr

jB~1

. ~~ H4

.- -- 760 Torr
• iB=7.5-10-4

0 .2 .4 .6 .8
JD (A/cm2 )

FIG. 8 Reduced electric field in methane

and argon discharge as function of
, D J . (A/cm ) parameter

Temporal characteristics for methane are shown in Figs. 9a and b. As

predicted by theory (12) the risetime is a function of the E-beam current

until at the largest currents it is limited by the risetime of the E-beam

pulse (- 1 Psec). The fall time shows a typical recombination dominated be-

havior and is independent to first order from E-beam current. High frequency

oscillations may be caused either by the negative slope in the methane drift

velocity, although this would be expected to occur at higher E/N, or by

cathode sheath effects. A careful analysis of the decay of the discharge
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Fig. 9a

Discharge Current in
Methane (760 Torr)
(5 psec/div. hori-
zontal, 10 A/div.
vertical ) E-beam
current densities4
7.5.1Q', 1.5.1 4 A/cm2  -- -

3.10", 7.5.0 cm

Fig. 9b

Discharge Voltage in U.
Methane (760 Torr)
(5 uJsec/division
horizontal, 1 KV/
division vertical,
zero voltag e at top5
of picture). E-beam
current densities
same as Fig. 9a.
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current (Fig. 10) allows us to obtain values for the recombination and attach-

ment coefficients. When the recombination data of (3) were increased by a

factor of 10 and a small, E/N

independent attachment coeffi- -

cient was added, a very good\-- b

fit of the experimental data 0.8 - c

was achieved (Curve a). The + Experiment

effect of using the original
0.6 \

recombination data (Curve c) 0

or no attachment (Curve b) is 2

also shown. A less satisfac- O

tory fit was obtained by using \

an E/N independent recombina- \

tion rate of 8.3.10.6 cm3/sec IO2

and an attachment frequency

of 1.8.10
5 sec- (1)

Using the modified recom- 0 - 5

0 10-5 210-5 3-10 sec
bination coefficients and the Time

original electron drift velo- Fig. 10 Comparison of measured decay and
computed decay in methane.

city data from (3), a compari-

a: Recombination data x 10, E/N
son between theoretical and independent at achmeyt fre-

quency 3.7.10" sec- .
measured I-V curves was made b: Recombination data x 10, attach-

ment frequency - 0.
(Fig. 11). The source terms c: Original recombinationidata,

attachment frequency - 1.4.10 S

of the theoretical curves sec-

1) The much larger recombination rate observed could be caused by the appear-
ance of larger molecules at the higher pressures used here in contrast to the
low pressures generally used for the measurement of recombination coefficients.
(Comment by M. A. Biondi at the ARO workshop).



7-- 77-,:- -. 7 7

126

were adjusted for best -.8Alcm2 - Exeimn

match between theore- 1.6 - Th or

tical and experimental 1.4

characteristics. The SZ1.10i8
(1.2

theoretical values C 1.0

~1.0-
for S are equal to C /

the experimental ones I --

within experimental .6

limits. The values

for the cathode fall
.2

were taken from the

measurements in 0
0 1 2 3 4 5 6

Fig. 7. The differ- Discharge Voltage (kV)

ence between theore- Fig. 11 Comparison of I-V curves, 760 Torr
methane.

tical and experimen- S: Source term (electron-ion pairs

tal curves at low sec'l cm 3)

discharge voltages is due to the neglect of the cathode sheath effects in the

theoretical model. Also at the higher discharge voltages, the negative differ-

ential conductivity, caused in the theoretical model by the decrease in drift

velocity between 3 and 30 Townsends, is not observed. Expected instabilities

are also not observed in this region.

Assuming a recombination dominated discharge, the experimental I-V curves

can be extrapolated to higher E-beam and discharge current densities (Fig. 12a),

indicating that discharge current densities of 10 A/cm 2 are feasible using

50 mA/cm2 E-beam current densities. Fig. 12b indicates a gain of 200 for these

conditions.

* - . '.-
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Fig. 12a 81

Extrapolation of
discharge current u
densities in 760 C 6
Torr Methane and I
Methane + 60 Torr
of argon assuming
recombi nation t4
dominated dis- L)
charge. Discharge a
voltage 2 KV.
Crosses indicate 0
experimental 2points for pure

methane.

0 0. .01 .02 .03 .0. A/cm2

E-Beam Current Density

2000

Fig. 12b C 1500

Extrapolation of
current gain for
Methane and C
Methane plus 0
argon. Crosses ( 1000
indicate experi-
mental points
for pure Methane. '.

500 C Ar
CH4 .

0-.01 .02 .03 .04 A/cm2
E-Seam Current Density
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Finally, the effect of attachment (which can, of course, be varied by

addition of an attaching gas such as SF6 ) on the electron density will be

considered. Fig. 13 is a plot of eqn. 7 for various recombination rates and

attachment frequencies.

Since the discharge decay No

of a recombination dominated

plasma is probably too slow 10 13 Rlpha-IE-7

for a practical off-switch / e /

(Fig. 9), an attaching gas 12 7
10

will have to be added,

which of course will reduce / / -/

the plasma conductivity 10

during the "on" phase. / E4 1Es (Beta)

However, it can be argued

that a large enough E-beam 10

current density will reduce

the effect of attachment 1 ,
(see Fig. 13; at higher

source strengths the
S

curves with attachment 10
1114 1015 lit 101 ?  1018 101s

merge with the curves S (Electron/Ion Pairs cm^-3,sec^-l)

where B - 0) As a prac- Fig. 13 Electron density as function

tical example for methane, of the source term S with re-
combination/coefficient (Alpha)

assuming a 1 10-7 and and attachment frequency (Beta)
as parameter.

B - 1.106 - only about one

order of magnitude larger than the mpsured value - at S - 1020 electron ion

pairs per sec, the attachment still reduces the electron density by 14%.
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Since this source strength corresponds to an E-beam current density of .13A/cm
2

(after the foil), it is clear that rather large E-beam currents will be nec-

essary to overcome the effects of attachment. Alternate schemes, such as

variable or externally controlled attachment rates (13) would bring consid-

erable advantages.

, I
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APPENDIX

Calculation of I-V characteristics using the approach by Lowke and

Davies, including secondary emission from the cathode and ionization via

metastable states. (M.S. Thesis, Marc R. Hallada, Air Force Institute of

Technology, Dec. 1981)

The following data is ex-

tracted from the thesis quoted and

is added to show how features of the 
"-""

measured I-V characteristics can be 13%

explained with these theoretical -

calculations of the effect of the .3.6 -OU

additional ionization in the

cathode sheath.

These calculations are exten-

sions of the ones performed by
S 3.6 a 0.

Lowke and Davies (1). In particu-

lar, they have been extended to

higher discharge currents, higher23- 1614

E-beam currents and now also in-

clude effects of secondary emission a 10
0 6 ?0

from the cathode by ion bombardment

and increased ionization due to the
Fig. Al I-V Characteristics-Calculated

presence of metastable states, for an Argon Discharge (760
Torr, y =.02, d - .3 cm, no

The calculations consist of numer- metastable ionization)

ical solutions of eqn. (1) and the (y: secondary emission coefficient)

Poisson equation, the electron current density being expressed by eqn. (2).

I
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The calculations

result in a descrip- 2 3.6 h10t

tion of the electric

field, electron and .82 •

1 0' , . xion densities and 101 6. 1

I I
,3. z 1014potential across

the discharge length
L _A 11

giving one data- a S00 50 I=060 200
Tolts.e. volts

point of the I-V
Fig. A2 I-V Characteristics-Calculated for an Argon

curve for a parti- Discharge (expansion of low current and volt-
age region of Fig. Al.)cular electron beam _____________________

current, pressure and gas species, a

The calculated curves of Fig. Al I

show the non-linear behavior of the I

experimental curves of Fig. 2. As 12m s.027, z 01a

already pointed out in (9) and s.2.3s0
a i ,-, Ca lailacl..

(10), the negative portion of the 3 -/ .027-zI g 0
-

I - 2.352 X 10
characteristic is unstable. As V

the E-beam current density is .
being increased, the influence of I I

the cathode sheath decreases. The ,

enlarged portion (Fig. A2) shows *U

that the experimental character- I

istics have a much steeper slope

and lower voltage drop for compara- .,-.

ble source functions, at least for _.
0 7

Woleagee kV1

argon. The agreement Is much

Fig. A3 I-V Characteristics-Experimental
and Calculated for a Methane Dis-

ii charge (760 Torr, y = .02, d - 2.2 cm)

-- *d.
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better for methane (Fig. A3). The 10, 102 101 la!0.' *' . ."..

agreement can be improved by including + =.f0Q

secondary emission (Fig. A4) which in- 0

creases the slope of the I-V curve in 0

the high conductivity regime. The -4

effective ionization cross sections for 0 -

argon will be increased and the ioniza- -..

tion threshold will be lowered if two

step ionization via metastables is being 0' 70' 1'
VoLt.ae - V

considered. Using calculated effective
Fig. A4 Calculated I-V Characteris-

ionization cross sections for argon, tics for Three Secondary
Emission Coefficients { rgon,

the new characteristic has a much 240 Torr, S = 3.6 x 10 )

lower voltage drop (Fig. A5). Inclu-

ding both corrections, the theoretical

characteristics then can be matched 100,

both in slope and in voltage drop to Clc,, ,, (3.3.6N )

to masatablee
the experimental characteristics. |,t.

7S

Fig. A5 ~so

I-V Characteristics-Experimental 09
and Calculated for an Argon
Discharge (same parameters as
Fig. Al, but with metastable
ionization) 3ame ( - 2.82 0 16

Voltage. kV

: Iii



134

OPTICAL CONTROL OF DIFFUSE

DISCHARGE OPENING SWITCHES*

K. H. Schoenbach, G. Schaefer, M. Kristiansen, L. L. Hatfield
Texas Tech University, Lubbock, Texas 79409 USA

A. H. Guenther
Air Force Weapons Laboratory

Kirtland Air Force Base, New Mexico 87117 USA

Diffuse discharge opening switches seem to be prime can-

didates for repetitively operated (> 103 pps), fast, opening

devices (T < 1 ps) in inductive storage systems. The switch

performance is mainly determined by the type of gas fill. In

order to achieve fast opening of the switch, attachers are to
be used at a partial pressure which makes the switch attach-

ment dominated during the opening phase. On the other hand,

additives of attachers increase the power losses .during conduc-

tion. Both low forward voltage drop and fast opening can only

be obtained by choosing gases or gas mixtures which satisfy the

following conditions:

a) for low E/N values (conduction phase) the gas mixture

should have a high drift velocity and low attachment

rate coefficients

b) for high E/N values (opening phase) the gas mixture

should have lower drift velocities and high attach-

ment rate coefficients.

*Supported By Air Force Office of Scientific Research
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Gas mixtures with the desired behavior can be found among

1
mixtures of Ar and CF4  . Gas mixtures which at least satisfy

the attachment conditions contain attachers with a maximum

of the attachment cross-section at electron energies of 1 to

2 eV. An example for such an attacher is N20. Figure 1

shows the electron decay rate constant for N20 in 350 Torr

N2 as buffergas2 . The decay rate has a low value at E/N below

5 Td and is increasing by at least one order of magnitude

between 5 and 30 Td.

Figure 1. - I

Decay Rate Constant of i 0
the Electron Conduction N20

Current in NO in an Atmo- 4
I- 0

sphere of 350 Torr of N2
at various E/N. 3

g

0

0 0 I I I I I

0 2 4 a 8 10 12 14 16

EN (10 17V 2)

The requirements for the gas mixture used in a fast,

low loss diffuse discharge opening switch do not depend on

the type of sustainment of the discharge. They hold for e-

beam as well as for optically controlled discharges. What

laser control makes attractive for diffuse discharge opening

switches is:

a) the variety of possible resonant electron production

and depletion mechanisms
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b) the fact that the control system can be separated

physically from the switch

c) the ease by which laser beams can be manipulated

(shape, rise and fall time, power density).

Concepts for using lasers for electron production (i.e.

for sustainment of diffuse discharges) are shown in Fig. 2.

The opening process after turn-off of the laser in each case

is determined by attaching processes of an added attacher

that satisfies the conditions mentioned earlier.

A. Optically Enhanced Electron Density

The simplest conceptual Way to generate electrons

optically in a gas is single step photo-ionization from the

ground state. However, considering that available lasers pro-

duce photons only up to energies of 7 eV efficiently, only

certain gases like alkali vapors are suitable for direct

I . 3ionization3 . Alkali vapors on the other hand react very

aggressively with most attachers. A better way to generate

electron-ion pairs seems to be resonant two-step photo-ioniza-

tion by means of UV-laser radiation. In organic gases, like

Dimethyaniline, Fluorobenzene, or Tripropylamine, resonant

two-step processes can produce 4 ,5 electrons with densities

15 -3of up to some 10 cm- . With Cs2 a maximum yield was achieved

for visible light6 . Two-step ionization in atoms is resonant

for the first step while for the second step also a flashlamp

might be used 3 .

- - 7._w-.-.r,
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Tunable, visible lasers offer a wider variety of ioniza-

tion mechanisms, which, however, have to be collisionally

assisted. A self sustained discharge has to be ignited to

provide either collisional ionization from an optically

7excited state or collisional excitation and successive one
.1 8-11or two-step photo ionization - . The laser serves to change

the conductivity of the diffuse discharge from a low level

to a higher level and thereby closes the switch for a certain

time, the conduction time. After laser turn-off the initial

state of low conductivity is approached on time scales

determined by the loss processes in the gas.

Two-step photoionization from a collisionally excited

state was considered in more detail for a gas system consist-

ing of N2 as buffer gas, NO as gas which is photoionized
21

and an attacher with the desired attachment properties
12

Pertinent transitions in such a system are shown in Fig. 3.

Resonant two-step photo ionization from the NO A-state through

the NO E-state provides for conduction electrons. The NO

A-state is collisionally excited via the metastable N2 state

which is highly populated and serves as a reservoir for the

two-step photoionization in NO. Once the laser is turned

off, the ionization process is interrupted and the electrons

are removed by the attaching gas. Although a molecular system

has the disadvantage that according the additional vibrational

and rotational states the absorption cross-section is low, the

E2Z+-A2Z + system in NO has the advantage of having nearly the

same molecular constants for both electronic states13.IL
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()(2) (3) (4) (5) (6)

M + Ir

OPTICAL TRANSITION -
OTHER TRANSITION ---

Fig.2 oticllyControlled Electron Generation

BUFFER GAS ELECTRON EMITTER ATTACHER
N24

-~ '1 -

I VII IZ

+I +

R R

N2  NO AB11

ELECTRON EXCITATION AND IONIZATION ---- +
ELECTRON RECOMBINATION AND ATTACHMENT --

OPTICAL TRANSITIONS
SECOND KIND TRANSITIONS

Fig. 3 Energy Level Diagram for the N -NO System
dl2
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Instead of molecular gases like NO, atomic gases can be

used for two-step photoionization from a collisionally ex-

cited state. Advantages of atomic system like Hg14'15 (Fig. 4)

are the higher absorption cross-section and a reduction in

complexity, which makes it easier to predict the behavior in

diffuse discharge systems. Two possible ways for two-step

ionization are sketched in the energy diagram of Hg; one from

the resonant 6 P state and a second one from the metastable

33
6 P0 state. The density of these states very much depends

on the discharge conditions. For the metastable state 63P0

the density can be higher than 50% of the gas density.

A similar concept is based on optical detachment by means

of laser radiation. In this case an attacher with a noticable

attachment rate also for the conduction phase (low E/N) is

used. In the conduction phase the attachment is then compen-

sated by photodetachment.

B. Optically Decreased Electron Density

A second way to use lasers to control diffuse discharges

is optical stimulation of electron loss processes. In con-

trast to the considerations discussed so far, the laser is

used now to induce and control processes which lead to a

reduction of conductivity, an effect which is used in the

opening phase of the diffuse discharge.

In systems where the electron production is determined

by collisional ionization via a metastable state the ioniza-

tion rate can be reduced by optically depopulating the meta-

_-&
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* stable level. A laser is used to populate a higher state

which is optically connected to the ground state 15-18. The

density of atoms in the metastable state, which serves as

reservoir for collisional ionization, is then reduced and

so is the total ionization rate.

Another method to reduce the electron density and hence

the conductivity by means of a laser is given by optical

decomposition of molecules. The objective is to produce

fragments, radicals or ions, where at least one of them

has a higher attachment cross-section than the original mole-

cule.

A third method to stimulate loss processes optically is

based on photoenhanced attachment by excitation of molecules.

Certain attachers as, for instance, HCZ have a higher attach-

ment cross-section in their rotational and/or vibrational

excited states. The mechanism can be understood by consider-

ing the potential energy curves of an attacher and its ion.

In Fig. 5 a general type of dissociative electron attachment

process is illustrated. The potential energy curve of a

neutral diatomic molecule AB is crossed at an energy Ev above

the ground state by a repulsive branch of the negative ion

AB . The probability of electron attachment and succeeding

dissociation is depending on the energetic state of the

vibrationally excited molecule relative to the curve cross-

ing. For the example shown the attachment cross-section

increases with vibrational excitation up to v = 4. On the

4l
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other hand the electron energy necessary to form the negative

ion AB shifts to smaller values if the molecule AB is

excited into a state closer to the curve crossing.

Figure 6 shows attachment cross-sections for the ground

state and the first two vibrationally excited states of HCZ 19

demonstrating both the strong increase in attachment cross-

-4
'0-I

HCI (v=2)

ji~E MCI (VU 1)
C

a

MCI (V01

Fig. 6 00 10-"16-

Dissociative Attachment /
Cross Sections for ,
Vibrationally Excited
HC Molecules ,C1 2 (v-O)

I

0 I 2
Electron energy (eV)

section and the related shift of the attachment peak towards

lower electron energies. The results shown in this figure are

based on attachment cross-section measurements for different

temperatures in HC1. 20 More detailed calculations yielding

cross-sections for different vibrationally and rotationally

21p excited states of HCX have recently been performed .By
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means of an IR-laser it should be possible to excite vibra-

tional states selectively, thus increasing the attachment

cross-section in a controlled way. Photoexcitation in com-

petition with collisional excitation may be effective if the

curve crossing is several kTe above the ground state at a

internuclear distance R > Ro . For a curve crossing at R 3 Ro

vibrational excitation will only cause a small increase of

the attachment cross-section as has been shown22 for 12

HCZ seems to be the molecule where most data are avail-

able, but due to its attachment cross-section peaking at low

energies (Ee < 1 eV), it is not the best choice for a gas

suitable for opening switch operation. A way to select gases

for the special purpose of using them as triggerabl attachers

in diffuse opening switches is to look at first for gases

with molecular structures which promise strong absorption in

spectral regions where efficient IR-lasers (for example CO2

lasers) are available. Figure 7 shows groups of gases with
bondings which show strong absortion in the spectral region

between 9 and 11 um (of course there are several others).

A second step is to consider the attachment properties of

these gases. A criterion for suitable gases where the curve

crossing is a few kT above the potential minimum is the

temperature behavior; in particular, the rate of increase of

attachment rate with increasing temperature. A strong increase

was, for example, found for some halo-generated hydro car-

bons 23, 24. More detailed information is obtained by measure-
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Compounds Strong Absorption Bands Absorbing Bond
(um) or Group

NON-AROMATIC
ALCOHOLS 8 - 10 C-a Stretch

NON-AROMATIC ESTERS,
ACETATS AND EPOXIDES 8 - 11 C-0 Stretch

NON-AROMATIC
AMINES 8.1 - 9.4 C-N Stretch

NON-AROMATIC
ALDEHYDES 8.5 - 9.5 C-O Stretch

NON-AROMATIC 0
ESTERS AND LACTONES 9 - 10 C-O-C Stretch

NON-AROMATIC 00
ANHYDRIDES 8 - 11 C-O-C Stretch

NON-AROMATIC Q
ACID HALIDES 10 - 11 C-Cl

NON-AROMATIC
AMIDES 8.4 - 9.5 C-N Stretch

NON-AROMATIC
PHOSPHORORUS COMPOUND 9 - 11.5 P-O-C Stretch

AROMATIC HALOGENATED
HYDROCARBONS 9 - 10 O-Cl, O-Br, 0-I

AROMATIC ETHERS 9.5 - 10 C-O - Stretch

AROMATIC NITRO
AND NITROSO COMPOUNDS 9.5 - 10.5 N-O Stretch

AROMATIC ESTERS
AND LACTONES 7.8 - 10 C-O Stretch

AROMATIC ACID Q
HALIDES .0 - 11.7 C-Cl

Fig. 7 Chemical Compounds which Absorb Radiation within the
Emission Range of the C02 Laser. The Spectral Range
of Strong Absorption Bands and the Absorbing Bands or
Groups are Indicated

•, i
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ments of the temperature dependence of the attachment cross-
25-27

section which is available for gases like N20, 02 and SF6 .

It can be assumed that gases with increasing attachment rate

1, 28, 29with increasing E/N show the same temperature dependence

The temperature dependent change of the cross-section in SF6

occured at too low electron energies for switching applications

27in these experiments2 . However, in this case an increase

of the attachment rate after laser excitation was observed for

the first time.

The number of gases suitable for opening switches is

reduced by the further consideration the the attachers should

have the attachment cross-section at moderate electron energies

(a few eV) to get a low attachment rate at E/N Z 3 Td and a

strong incrdase of the attachment rate at E/N > 5 Td. Finally,

chemical properties like materials compatibility and toxicity

have to be considered.

The disadvantage of this type of attachers, the shift

of attachment peak cross-sections to lower energies with in-

creasing vibrational energy, can be compensated by adding

another attacher with E/N characteristics which satisfy the

previously mentioned desirable properties for opening switch

gases.

According to the limited number of small molecules that

satisfy all the mentioned requirements, larger molecules

should also be considered. In recent experiments with C2F5C1
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it has been shown, that there can be a strong spectral struc-

ture in the quasicontinuum 3, which indicates that there are

states with appropriate lifetimes to allow attachment before

internal thermalization.

C. Exerimental Arrangement

I Mo test the concepts of optical control of diffuse dis-

charges, two experimental arrangements have been designed and

tested. One is shown in Fig. 8. It consists of a 50 Q line

which can be DC charged up to V = 120 kV. Pulse charging is

possible up to V = 250 kV. The line is discharged by means

of a laser triggered switch into a self-sustained, high

pressure, volume discharge between two 10 cm diameter elec-

trodes, 1 cm apart. The anode is a mesh with - 75% transparency,

which allows axial irradiation of the diffuse plasma and homo-

geneous preionization. The pulse length for the matched line

is 100 ns which can be increased by a factor of 5 by chang-

ing the dielectric of the line. Current and voltage measure-

ments, together with optical measurements (streak camera)

are planned to get information about the time development

of the diffuse plasma with and without optical control.

A second apparatus, an electron beam sustained discharge,

is under construction. The experimental set up is shown in

Fig. 9. An electron beam with an aperture of - 100 cm 2 , a

current of up to I -100 A at electron energies of up to Ee
250 keV is generated in a grid controlled system with a heated

cathode. The electrons penetrate a 1 mil Ti-foil and provide
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PROBE

METALPROBE

ELECTROLYTE

Fig. 8 Experimental Arrangement for optical Control of
Diffuse Discharges

Adjustable

Protective
Grid

se lmem Grd T

Power Vol tage Vacuum
System

Fig. 9 Experimental Arrangement for E-Beam Control of
Diffuse Discharges
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ionization in a high pressure, gas-filled switch. Side-on

windows allow for optical access and hence for testing the

feasibility of optically assisted attachment processes. It

is planned to use both experimental arrangements to test the

applications of optical control concepts for diffuse discharge

opening switches. The concept of "Optically Control of Diffuse

Discharge Opening Switches" has been discussed in several recent

31-35
papers

L.
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MODELING OF DIFFUSE DISCHARGES

Laurence E. Kline
Westinghouse R&D Center
Pittsburgh, PA 15235

A. Introduction

A wide variety of models have been developed for the

analysis of diffuse discharges. In this paper some of these models

will be discussed in the context of diffuse discharge opening

switches. The discussion will be limited to models of externally

sustained diffuse discharges, i.e., discharges where an external beam

of high energy electrons, U.V. photons, x-rays, etc. provides the

electron production needed to offset the electron losses due to

recombination and attachment. Externally sustained discharges appear

to be well suited to the opening switch application.

The various models which have been developed are discussed

in order of increasing complexity. The motivation for, and application

of the various models are also described. After describing some of the

models which have been developed, several important physical limitations

on switch operation are discussed which have not been quantitatively

modeled and are not fully understood.

A useful, and rather complete review of diffuse discharges

sustained by high energy electron beams is given by Bychkov, et 
al. (I)

Additional information is given in a review by Daugherty. (2) Both of

these papers contain many references to earlier work.

B. Rate Equation Models.

The discharge steady state voltage-current (V-I) character-

isti'cs and transient (i.e., turn-on and turn-off) characteristics can
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be predicted by using simple rate equation models. Models of this
kind have been used to predict the characteristics of e-beam discharge

switches by Koval'chuk(3) et al., Hunter, (4) Bletzinger (5) and others.(I )

A scaling and gas selection study which used this type of model is

described by Dzimianski and Kline. (6)

C. Electron Beam Deposition.

The one- and two-dimensional characteristics of the ionization

and power deposition by the high energy electrons has been studied

using a variety of models. Monte Carlo on simulation models which

follow a large number of electron trajectories are particularly

useful for this purpose because they accurately model a wide range of

experimental conditions. The Monte Carlo approach to studying the

interaction of the high energy electron beam with the gas is described

by Srlvastava, et al., ' " Smith, and the references therein. See

also the review papers, Refs. 1 and 2.

D. Two-Dimensional Discharge Characteristics.

The non uniform ionization produced by the e-beam leads to

nonuniformities in discharge properties such as current density,

electric field and power density. If the gas in the switch is flowing

this gas flow adds an additional source of nonuniformity in the

discharge properties. These spatial variations of the discharge

properties have been modeled by Srivastava, ct. al., (7) Filcoff,

Roache and Money, (9) Parazzoli (1 0) and the references listed therein.

E. Cathode Sheath Models.

The regions near each electrode in these diffuse e-beam

discharges are regions of higher electric field and higher power

density, compared with the positive column which occupies most of the

interelectrode volume. Many of the existing models of these sheath

regions are reviewed by Bychkov, et.al.(1 ) The non-equilibrium nature

2
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of the electron energy distribution in the cathode sheath region is

discussed by Tran Ngoc et al.(1)

F. Discharge Stability.

The macroscopic discharge nonuniformities discussed in

Section D and the sheath regions discussed in the last section are

both possible causes of instabilities in these diffuse discharges.

Instabilities predicted by analyzing the properties

of the positive column as discussed for example by Douglas-Hamilton

and Mani, (12) Long, (13)Brown and Nighan(14 ) and the references therein.

However, the discharge instability which is normally of

interest is the Slow-to-arc transition (GAT), i.e., the development

of a highly conducting filamentary channel which "shorts out" the

diffuse discharge and which is unaffected by the external ionization

source. Although the development of the GAT has been correlated with
(11-14)

the predictions of simple analyses in some cases, the detailed

physics of the GAT are not well understood. There has been a recent

study of similar physical processes in point-plane gaps-in air. (15)

Experimental observations described in Ref. 1 and by

Douglas-Hamilton and Rostler (16) show that the first visible evidence

of the GAT is observed in the cathode sheath region. Similar
observations have been made in self-sustained diffuse discharges. (17)

A simple model for these developing arc precursors is described in

Ref. 16.

G. Electron Energy Distributions.

The electrons are usually the primary conducting medium in

diffuse discharge switches because they are much more mobile than

positive or negative ions. The electrons gain energy from the applied

electric field and lose energy in collisions with the neutral gas-

molecules and atoms. The resulting electron energy distribution (EED)

determines the transport properties of the electrons such as their

3
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drift velocity and their recombination and attachment rate coefficients.

A forthcoming paper by Pitchford and Phelps (18) discusses the various

models which have been developed to predict the EED's and describes the

conditions for which these methods are applicable, as well as giving

many additional references.

H. Status and Research Needs.

The models which are briefly described in this paper are

capable of predicting many of the properties of externally ionized

diffuse discharges which are of practical interest for diffuse

discharge switch design. For example, the rate equation models

described in Section B can be used to determine the required switch

gas properties, gas pressure, physical dimensions and e-beam

properties for various applications. Calculations of this type for
(6)a simple non-inductive circuit are described by Dzimanski and Kline.

The author is not aware of any similar studies of diffuse discharge

opening switches in inductive energy storage systems.

The a-beam deposition and two-dimensional discharge models

described, respectively, in Sections C and D can be used to study and

design the two-dimensional properties of switch discharges. Similar

studies performed in the context of laser discharge design are described

in Refs. 7, 9 and 10.

Existing models of the electrode sheath regions, discussed(1)
by Bychkov, et al., can be used to make approximate predictions of

sheath region properties. However, our understanding of these regions

is incomplete, as discussed in Ref. 1 and by Tran Ngoc, et al.
(11)

Furthermore, the author is not aware of any studies of sheath region

properties during the turn off phase of a diffuse discharge. The

evolution of the sheath region during this period may be important

in determining the development of the glow-to-arc transition and the

ability of the switch to open.

4
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REPETITIVE OPENING SWITCHES

I.M. VITKOVITSKY

(Chairman)

*1Introduction
The group's meetings have focused its attention on the

range of applications of interest to DoD which require repeti-

tive opening switches. Selecting one application, a straw-

man switch design has been carried out. By using this approach,

the major research needs for this type of switching became

clear. The selection of the specific design was based on the

perception of the group obtained from discussions at the general

workshop meetings and from the conversations with members of

other Working Groups. Two main points regarding the scenarios,

where repetitive opening switches might be used, are:

a) Charging of capacitive loads by inductive storage is

becoming an important task (due to the need to reduce

the pulse power supply weight, cost and reliability)

b) Both CW and burst operations are important.

Applications

Review of the applications developed last year at the

US ARO Workshop on Repetitive Opening Switches has indicated

that additional applications should be considered. Thus, one

of the categories, the directed energy application, has been

explained and in Table I. Four subcategories are listed:

-. ~--'.
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ATA, Modified Betatron Accelerator, Laser A and Laser B. ATA

parameters are unchanged from last year. The modified betatron

requires large (_ 150 MJ) inductive store to drive accelerator

and guide coils. Laser designs include pulse-line (Laser A)

and flashlamp source (Laser B). A new Army requirement for

Source Region EMP (SREMP) is also included. Electromagnetic

Gun requirement is unchanged from last year.

In considering systems that use repetitive opening

switches it became clear that more detailed specification of

the time characteristics of the opening switch is needed.

Consideration of circuits employing inductive stores and

opening switches show that periods required to characterize

the switch are:

Tch - Conduction time needed to charge the inductor

Topen - Opening time

T - Hold-off time, which allows the switch to

maintain voltage necessary to drive the

discharge into the load.

By including all three of these times in Table I, rather

than opening time only, as was done last year, and recognizing

that in repetitive operation T (pulse-to-pulse interval)

can be longer than inductor charging time, the importance of

conduction time became evident. Its importance is due to the

need to maintain ionization level of the diffuse discharge of

the switch and due to absorption of the energy from the in-

ductor (which arises from the non-vanishing forward resistance)
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during relatively long conduction time (in contrast to short

opening time).

Strawman

As a basis for developing a switch design that points to

limitations of, and opportunities presented by, the use of

repetitive opening switches, parameters of ATA were used. It

was assumed that ATA's 50 pulse lines are to be charged by an

inductor.

Parameters chosen for the straw-man design are the

following:

Pulse line voltage = 250 kV

Output current = 40 kA

Pulse length = 40 ns

Burst = 40 pulses with 100 us

pulse-to-pulse separation

Total ATA pulse

energy = 800 kJ

The inductor is to store 8 MJ, so that pulse energy

represents only 10% of the stored energy. This allows the

inductor to charge the pulse lines at approximately constant

current. It also provides a reserve of energy for the switch

dissipation. Assuming further that the pulse lines are to be

charged from an inductor in a period 40 times longer than the

pulse time, the charging current is about 50 kA. The size of

the inductor needed to store 8 MJ at this current is 6.4 mH.

Since the required capacity for all 50 pulse lines is 0.5 PF,
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the charging time VL - 60 us, i.e., too long for water

dielectric PFL. Thus, one solution would be to divide L into

10 parallel sections driving 1/10 of the pulse lines at 50 kA

per inductor resulting in 6 us charging time.

The switch requirements follow from the above considera-

tions:

During opening phase:

T T T Uopen hold-off -6 ws
Switch R 5 9

open

12 R10~l
1I Ropen 10 W

Edissip - 10 kJ/pulse for ramp

charging waveform.

During conduction phase:

Assumption 1 Assumption 2

Tcond - 100 us 100 us

V switch - 200 V 1 kV

Rcond 4 mil 20 mQ

2 7 7
I2Rcond 107W 5 x 107W

EDissip = 1 kJ/pulse 5 kJ/pulse

For Assumption 2, the total 40-pulse dissipation (includ-

ing opening phase contribution) is 600 kJ. The amount of gas

(at 1 Atm) needed to absorb 0.1 J/cm 3 (result presented by the

Modelling Work Group) and operate properly is 6 x 106 cm
3
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Adding the volumes of switches for 10 inductors the total
volume is 6 x 107 cm 3.

Switch performance is derived from assuming gas p of

10 -cm and Ebreakdo of 10 kV/cm (l Atm). From R - p d/A

0.02 and dA = 6 x 107 cm 3 , switch area is about 105 cm2.

This suggests d of more than a meter, so that hold-off is at

least 1 MV. Using injected beam energy of 200 keV, the elec-

tron range in gases suggests that the switch may be redesigned

for somewhat larger area and several sections in series. At

this point it makes more sense to consider improvements in

higher gas energy density, lower resistivity and in circuit

techniques, rather than further refining the straw-man design

parameters. This becomes even more evident, when the require-

ment on the electron beam injection is folded in.

2The injected electron beam energy at 1A/cm of discharge

current (requiring about 10-2 A/cm2 of beam current for volume

discharge and resistivity control) is 2 MJ. Gas conductivity

decay data and the long opening time suggests that it may be

possible to inject the electron beam pulse for about 1/10 of

the total conduction time, reducing the e-beam energy to

200 kJ (at the expense of having to turn the control beam on

and off at appropriate times). This is discussed in the

Appendix A.

As the ATA system requirements are changed to 10 pulse

bursts, the switch becomes a much more manageable device.
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Recommendations

The long conduction time required by many switch appli-

cations and the resulting -nergy absorption is one of the

problems affecting the switch design. The gas resistivity

during conduction is another related problem. Both of these

considerations lead to increased gas volumes and, in turn,

lead to more demanding requirements on the electron beam

generation. These consideration and possibility of reducing

electron beam injection requirements lead to the following

recommendations for research topics:

1. Determine gas mixtures with lowest resistivity

(below 30 9-cm available at present).

2. Determine gas mixtures which retain desirable elec-

trical characteristics after energy deposition into

the mixture substantially exceeds 0.01 J/cm3.

3. Study conductivity decay time and volume-to-channel

discharge transition as a function of e-beam density

and duration, with the idea of reducing e-beam

requirements for switches with long conduction time.

In addition to research topics above, the Working Group

also recognized that variety of engineering difficulties

exists. These include injection window heating, storage and

control of the e-beam circuit, possible gas flow requirements.

Any one of these problems may suggest worthwhile research.

The most important issue arising from the limits on

switch performance that will require evaluation is the non-

linearities that can be expected from modularizing of given

switch design for use in parallel and series combinations.



166

The overall recommendation of this Working Group is that

the potential pay-off from the type of research proposed is

very significant, that the switches can be expected to work in

several scenarios and that the problems while difficult are

not insurmountable.

7.1
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Appendix A

Fig. 1A provides an example of the experimentally mea-

sured current flow in the N2-02 gas mixtures ionized by an

electron beam current, i e  The conduction period depends on

the relative amounts of electronegative and non-attaching

molecules. For 100% N2 the conduction decays over - 0.5 us

period. Using Ar gas, conduction can be extended to very

long times without turning-off at an appropriately high

applied electric field. This property can be used to minimize

the electron beam energy required for practical switches in

the following manner. Selecting a gas mixture with long turn-

off time, the ratio of the switch conduction time to e-beam

injection time, Tch/Te, can be much greater than unity. The

value of the ratio will depend on the opening time requirement.

That is, the conductivity decay time can not be longer than

the switch opening time, because e-beam cut-off is used for

switching action. In the example discussed by the Working

Group, this value was - 6 us. Assuming the e-beam injection

time of 200 ns is sufficient to ionize the gas to provide a

required level of resistivity, Tch/ T of 15 can be easily
che

utilized.
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DIFFUSE DISCHARGE PRODUCTION

(ELECTRON BEAM DISCHARGE SWITCH)

D. H. Douglas-Hamilton

(Chairman)

A. INTRODUCTION

The salient results of the workshop discussion on diffuse

discharge switching are summarized here. The discussions

were limited to electron beam generated diffuse discharges.

We list the equations describing conductivity and gas heating

in the discharge, point out the important practical limits

on gas heating in the controlled discharge regime, and give

the expressions for calculating discharge onset and cutoff

behavior (important since a large fraction of switch heating

can occur at onset and cutoff). The results assumed for gas

heating limits are comparable with experimental results ob-

tained at Northrop and AVCO Everett.

Complete definition requires knowledge of external cir-

cuitry. For the present purpose, external circuitry is of

two types; constant voltage (e.g. capacitor) or ballasted

(e.g. resistive or inductive). In the latter case the effect

of changing current on the electric field must be taken into

account. In principle this requires computer solution of the

discharge and circuit equations. We have analyzed a possible

switch for the constant-voltage case, using discharge prop-

erties measured in CH4.

.l
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Thermal, acoustic and attachment instabilities are all

going to be important in this type of switch, which for reasons

of efficiency and volume reduction is likely to be operated

as near the discharge arcing limits as possible.

We therefore recommend that further research should be

done on attachment and thermal/acoustic instabilities.

1. Summary of Discharge Equations

The elementary equations describing the electron beam

sustainer (EBS) discharge are derived here, and then put into

a form in which the power into the EBS switch can be obtained.

The electron beam ionizes the gas producing a steady-

state secondary electron density ne. This density is des-

cribed by the differential equation:

din 3; DE/Zm) p2
at - eEi -

where 3 is the mean EB current density within foil-melting

limitations, D is the EB duty cycle (so thatD-4 37 represents

the EB current density during the pulse), E/am is the mass

stopping power for the gas being irradiated, typically - 2 x 106

eV cm2 /g at beam energies of interest, and p is the gas density.

Ei is the effective ionization potential: typically E1 - 35 eV.

The recombination coefficient a and attachment coefficient S

determine the volume electron loss rate in the discharge. For

an efficient switch, in the EB-on state the major electron loss

will be recombination; the attachment phenomena are important

only in onset and cutoff, steepening the current pulse. In
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steady state the electron density is then described well by

the expression:

n. =

and the discharge gas conductivity a - ne eVo/E, where VOte 0

is the electron drift velocity and E is the electric field

in the discharge. We then obtain the expression for the

conductivity:
1'

F3eb DI(oE/am) ep "  V° . O
~ C E L i  P " '-

For the gas mixture 90% CH4, 10%Ar at 10 atm, we take the

values

21 mA/cm (foil heating limitations).

D- 1

2 x 106 eV cm2/g

P( 1 0 atm) = 8.4 x 10 g cm

V0  107 cm/sec

E = 500 V/cm atm

- 10-7 cm3/sec

E. = 35 eV
ii

Each of these numbers can be separately justified. Note

however that the mean electron beam current density, averaged

over time, of 1 mA/cm2 is optimistic; conventional multi-pulsed

lasers operate at ~ 0.1 mA/cm2 , and we are assuming that foil

S.
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material and foil cooling technology can be improved up to

the above level. In the later estimate of the switch calcu-

lated in section 6, we adopt the more conservative current

density of 200 vA/cm 2. It will be shown that in any event

the switch area only depends on the EB current density as

1/4jeb , so the switch area changes slowly with assumed EB

current density. We have chosen E = 500 V/cm because this

is the experimental Ramsauer minimum for the above gas mix-

ture, and at this point the electron drift velocity is

107cm/sec; E/am is taken from Berger and Seltzer [Table of

Electron Energy Losses, NAS-NRC #1133 (1964)]. We then find

al0 arm - 1.8 x 10 - mho/cm and 1 atm 5.5 x 10 - mho/cm.

Heating per unit volume (molecular gas, not vibrationally

excited):

AT 845- P z 12 T

p axy xyz *

GAS FLOW

FIELD z

x

PO- Gas density, NTP, g/cm3

T - Pulse duration
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~84S p 0 ' 1 84S ET -11
Area: xy K - ' T V1 ATEz 1_T__V

V~ 3 Lo eD Tm e_jeb

Gas Flow Rate: F - xyzN

N: Repetition Rate, Hz.
t. .

Gas Mass Flow: M - pF = pxyzN.
I}"RAT ZI 2

Power into Switch: Pswitch = l(+) R-T-= axy

y =1.4

R = 8.3 j/mole
M - molecular weight of gas

i! PDischarge Width: z = (V e/E crit)

Ve: Switch-off voltage standoff required

E crit: Maximum hold-off field possible for NTP discharge

after discharge cutoff (Ecrit = 6-12 kV/cm).
In Section 6 we will use these relations to derive

parameters for a "Strawman" switch suitable for ATA inductive

storage.

Limit on AT: Wide experience at Avco, Northrop and elsewhere

drives us to the conclusion that typical attainable EB-sustainer

discharge loadings up to the arcing limit result in AT - 500K

for NTP discharges in a molecular gas. This limit on AT might

perhaps be improved for peculiar gases such as CO, in which

discharge energy is retained for long times in upper vibrational

states; but the addition of attaching electron scavengers to the

gas is also likely to deactivate the stored vibrational energy
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by VT transitions. Another approach is use of optically

polished electrodes, for which Denes & Kline (Westinghouse)

found 2 to 3 times better stand-off in self-sustaining dis-

charges. It is an open question whether this technique can

be applied to EB sustainer discharges.

2. Turn-on and Turn-off Behavior

A large fraction of the total power deposited in the

switch will be deposited during the impedance-change phase

of the switch at turn-on and turn-off.

For an attachment-dominated process, the electron density

will be given by:

dne
-- - B n

ne - electron density

= attachment rate.

Typically we select an attaching gas mixture where B is

an increasing function of E

B - 8(E)

and the discharge field S is determined by the external circuit

of which the switch is a component.

The total energy deposited in the switch during this phase

is then

t
£ = j E-xyz dt

0"
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where j = n eeE, and p is electron mobility, we use
10 7-6 2 x 10 4 cm 2/Vsec at 1 amagat in the methane-argon
500

mixture discussed above.

The external circuitry must therefore be known before

the energy deposited in the switch during onset and cutoff

can be estimated.

-In the case where E is constant, during onset the

electron density becomes

ne = neo (1-e- t)

where we are neglecting recombination and ne is the steady-

state electron density. The energy deposited in the switch

is then

e f j E-xyz dt

1-e-o t

Pt( -1 t

where the steady-state power deposited is P = neoeV0Exyz.

The ratio of the actual energy deposited in the switch

to the energy deposited if it reached steady-state instan-

taneously is then

E-e at

R = Pt 1 1t

Note that for t ~ 2/8, by which time the discharge has

essentially reached steady-state, we find R = 57%. Under

these circumstances the power deposited during onset is

6.........................
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less than that deposited in steady-state. If the electric

field increases when the current is low, as in a ballasted

discharge, the situation is different and the discharge

behavior will depend on the specific circuitry. In this

case a large fraction of total energy can be deposited

during the discharge onset and cutoff.

3. Instabilities.

a. Attachment Instabilities.

Any system in which 8 is a rapidly increasing function

of E will be subject to attachment instability* (increasing

local field reduces local electron density, thereby further

increasing local field and further reducing local electron

density, etc).

We are considering gases with this type of attachment

rate to provide rapid cutoff and onset. Optical or other

less than uniform changes in attachment rate will lead to

this instability. Analysis of the parameter field within

which this problem exists for the attaching gas mixture

recommended for switches will be required.

Therefore we recommend investigation of attachment

instability interaction with the EB switch, and its depen-

dence on the variable E which will result from certain

switch circuits.

Douglas-Hamilton and Mani, J. Appl. Phys. 45, 4406 (1974).
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b. Flow and Acoustic Phenomena and Instabilities

The effective run times for the selected opening switch

are quite long, - 500 usec. The switch gas is repetitively

heated to an approximate AT of - 5000K. This will lead to a

gas overpressure. Moreover the repetitive nature of the 10

pulse burst can create a series of sound waves that can rattle

around in the switch during the discharge. The dimensions of

the switch are such that the sound waves travelling at 10-50

cm per ms (dependent on the nature of the gas and the

temperature) can make several transverse transits in the

strawman switch. Such waves, depending on their strength, can

cause significant local density fluctuation which can lead

to discharge instabilities or arc formation. Thus the ideal

switch needs to be designed with an emphasis on gas dynamics

and acoustic damping that is at least as detailed as the

discharge phenomena and the coupling of the switch to the

circuit. It is recommended that an acoustic scaling analysis

be performed to develop designs for switch geometry and

acoustic damping that will allow the gas medium to perform

as close to its "homogeneous density" limit as possible.

Effects of the repetitive pulsed loading need to be considered

in this analysis.

4. Beam Pinch in the Switch

The e-beam being used to ionize and sustain the discharge

will be subject to a magnetic field created by the current

flow in the discharge. This field will tend to pinch the
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ionizing beam in the discharge. This effect requires the use

of an external magnetic field to compensate the discharge

magnetic field if the currents exceeds a critical value de-

pending on aspect ratio. For the selected switch the effect

is minor, but switches carrying several tens or hundreds of

kiloamps is expected to require external fields of order

2 kGauss.

5. Methane Datapoints

For the Strawman switch we will use discharge parameters

based on methane: and for convenience summarize here results

obtained from discharges in methane.

a. Drift velocity:

Data computed by L. Kline indicate a drift velocity Vo

peaking at 3 Td (Ramsauer minimum) at > 107 cm/sec. By

adding Argon, the peak can be shifted to lower E/N (L. Foreman

et al., Phys. Rev. A, 23, 1553 (1981)) at some decrease in

Vo (but relative increase vs. pure methane). Using L. Kline's

methane data, a comparison between the AF-propulsion lab

data and the theoretical data resulted in the same discharge

current density values at higher discharge voltages, if the

E-beam source function was increased 10-50% for the theoretical

curves. This discrepancy is within error limits of determining

the experimental source functions. (At lower discharge voltages

the experimental values were considerably higher, due to the

cathode sheath/ionization effects.)

b- Switch-on

As predicted by theory the current risetime decreases as

a function of E-beam current, such that at jeb = 1.3 mA/cm2

0..
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(post-foil) the risetime was limited by the E-beam current
risetime (< lus).

c. Switch-off, recombination attachment

Observed 90%-10% current decay times for 1 A/cm 2 dis-

charge current density were ~ 10- s (for lower j 0 , the long

recombination tail will increase this value). Modelling the

decay using E/N dependent recombination rates, a good match

was achieved, if L. Kline's recombination data was increased

by 1OX and an E/N independent attachment frequency va - 2.8 •104

1/s was added. According to M. Biondi, the increased recombina-

tion rate can be explained by the much larger molecular ions

which will be encountered at atmospheric pressure vs. the CH+

ion measured in the low pressure cross section experiments.

Using E/N independent recombination rates, a least-square fit

to the decay data resulted in a = 8.3 • 10 - cm3/s and va -

1.8 • 105 l/s; the fit was not as good as with the E/N dependent

data.

d. Discharge voltage

Using a variable electrode spacing the cathode fall voltage

at jeb 5 mA/cm2 .7 A/cm2 was 600 V; at Jeb = .3 mA/cm

Jb = .4 A/cm2 it was 750 V. Since Vcath z f(jb ) , Vcath

f(/he 1b)- as expected.

2
The discharge voltage was as low as 1 kV at 1 A/cm at 2.2

2cm electrode spacing (j0  1.3 mA/cm 2), so with consideration

of Vcath, E < 500 V/cm.
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e. Summary

A. drift velocity V0 ~ 107 cm/sec has been predicted and

observed in CH4 and Ar mixtures at E - 500 V/cm. No attaching

electron scavengers were added to this gas mixture. M. Biondi

points out that addition of such species may increase the re-

combination rate to the neighborhood of 10 - 6 cm3/s. However,

in practical EB sustainer gas laser discharges, which are

by no means ideal pure gases, typically a - 2 x 10-  cm /s;

therefore we believe a - 10- 7 cm3/s, V0  7 07 cm/s at E ~ 500

V/cm atm are attainable practical discharge parameters.

6. Straw Man Calculation

Taking the ATA requirement:

e = 250 kV [Capacitor 400 x 10-  fi.

I =1 0 kA through switch

Ton = 50 us (charging time]

Soff= 10 us

for a burst of 7 pulses, repeated 4 times per second. Effective

on-time is then T - 50 x 7 us, between clearings. We assume

a gas pressure of 10 atm, in 90% CH4, 10% Ar, with a stand off

capability of Eint - 5 kV/cm at NTP.

Then z = (V e/E int)p /p - 5 cm. We make the conservative

2 -63
assumption 3 = 200 PA/cm2 , with D = (50x10 -x7x4) * 1.4 x

Then a = 2.lxlO 2 mho/cm.

4'845x50x7x10 6  2
Area: 0 x 2.1 x 10 - 2 X 500 531cm

Volume: xyz = 2.7 literI
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Gas Flow: F = xyz N 11 liter/sec. A 89 g/sec.

Power into Switch: a) Discharge: 5x(104)2  45
OxyJ 531x2.1x10 2

For a 200 kV EB, we have:

-6
b) EB: xyD e Veb = 531x200x10-6x200x103 - 15 MW

This is EB energy into the gas. Allowing, conservatively,

structure and foil EB losses as - 30%, we obtain the required

EB power as:

Peb 22 MW.

Mean power into capacitor:

P 1 V 2,r =1 x400x10 
9x250000 2

I T 50x10 6

= 250 MW.

Switch Efficiency

1= Pcap = 250
cap +eb P+dis 250 + 45 +22 0%

Summary

The strawman ATA charging switch does not appear to re-

quire physically impossible dimensions or discharge parameters.

Note that a more precise analysis would include the time-

variation of current and field across the switch during the

charging cycle. As pointed out above, the discharge behavior

is highly interactive with the external circuitry. This will

be especially significant in a reactive circuit, and the danger

of inductive triggering of attachment instability phenomena

must be considered.
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7. Conclusion and Recommendations

We conclude that EB controlled discharges can be used

for switching high-current, high-voltage loads under certain

circumstances, within discharge gas-heating limitations. We

have given a sketch of plausible dimensions for a switch capable of

handling the ATA power supply, using a methane-argon mixture.

The switch efficiency was - 80%.

The use of electron scavenging gases such as fluoro-

carbons will result in sharpening the switch onset and cutoff.

Precise predictions of onset and cutoff behavior and efficiency

can be made by considering the discharge and the circuit as a

whole. In general this will need computer analysis.

Electron attachers will expose the switch to problems due

to attachment instability. This instability has been observed

in high power discharges in gas lasers at AERL, and in general

the higher the energy density used in the discharge, the fur-

ther one progresses into the instability region. Triggering

of attachment instability is expected to be a significant

problem in switch discharges.

Thermal and acoustic instabilities will also result from

multipulse switch operation. We have taken the experimental

effective single pulse thermal limit as AT - 500°K; multipulse

operation on the same gas is very likely to reduce that limit.

Acoustic damping will be needed to avoid arc triggering from

acoustically generated instabilities.

We recommend work in the field of finding gases with a

3-7  3
suitable combination of recombination coefficient (at-1 cm /S),
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transport coefficients (V ~ 107 cm/s), and attachment rate

(low at - 2 Td, high at - 30 Td).

We recommend further study of the attachment instability

and investigation of the parameter space of interest for switch-

ing. Further understanding of streamers and streamer propaga-

tion and initiation in this parameter space is also needed.

We also recommend examination of the problem of acoustic-

ally generated instabilities. Experience gained in multipulse

high pressure gas laser discharges should be applied to the

switch problem.

2:o



184

GASES

BASIC DATA AND EXPERIMENTAL METHODS

L. Christophorou (Chairman), L.L. Hatfield

There are several approaches to realize a diffuse dia-

charge opening switch: externally sustained or enhanced

discharges or selfsustained discharges with externally con-

trolled loss mechanisms. As none of these approaches has

been developed to a stage that makes it necessary to discuss

the properties of specific gas mixtures the aim of this group

was to identify general requirements that should be fulfilled

by a gas or gas-mixture that is used in any type of diffuse dis-

charge opening switch. The most important consideration is based

on the general requirement that the properties of the gas

mixture have to be choosen in that way that the response of

the gas discharge on the external control mechanism, espec-

ially during the opening phase, works in the same direction

as the control mechanism itself (Table 1), while other con-

sideration aim towards practical or even simple devices.

In the second step (Table 2) the group focussed on

needed basic data that are necessary for suggested g;.ses and

gas mixtures to predict the behavior of a gas in a diffuse

discharge opening switch or, even better, to compose mix-

tures that fulfill the requirements given in Table 1.

The following tables present the recommendations of

the group in an abbreviated form.

ii)F '
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Table 1. Desirable Properties of Candidate Gases

* High dielectric strength (effected by strong
attachment)

- Attachment properties depend on option
(i) ka low at low E/N and high at high E/N.

(ii) ka high at fixed E/N.

Options (i) and (ii) offer enough flexibility for
discharges controlled by either electron beams or
lasers, and in the latter case, whether the laser
sustains or shuts off the switch.

* High conductivity at low E/N.
- high electron mobility
- low rate of electron loss

A low rate of electron loss is a relative measure. The
electron loss rate during the conducting phase should
be low compared to that during the turn off phase. Some
trade off is necessary since the opening time of the
switch depends on the electron loss rate during turn off.

* Chemically unreactive; "simple chemistry"
(this is of course a relative term). One of the im-
portant considerations is that a practical switch has a
reasonable lifetime.

* Compatible with e-beam transmission foil, which has to
be at high T.
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Table 2. Needed Basic Data

0 Electron Scattering Cross Sections

- Total inelastic cross sections down to threshold
for diatomics and polyatomics (candidate gases)
for processes such as ionization, excitation,
etc.

- Overall (gross) inelastic cross sections to aid
modeling and guide choice and tailoring of gases,

-' i.e., a simple measurement which gives some idea as to
how effective a gas is in modifying the electron
energy distribution.

* Electron transport coefficients for candidate mix-
tures, especially at high P and high E/N.

-High p (> 1 atm) and high E/N (at least 120 Td)
are both necessary for reasonable opening switch
performance.

* Electron attachment coefficients for candidate
mixtures over wide ranges of p, E/N, and T.

-The ranges for p, E/N, and T depend on the gas
mixture tested. There is no point in using such
high temperatures that one of the constituent gases
dissociates, for example. Pressures below one atm.
are probably not practical, E/N down to zero is
desirable, and temperatures from 300K to 1000K
are reasonable.

0 Recombination, including ion mobility and clustering
over wide P ranges, especially high p (>1 atm).

* V-T and V-V data to determine how the energy dissi-
pated in the discharge will be distributed among
the many degrees of freedom available in the candi-
date mixture.

* Collisions of atoms, molecules, electrons and ions
with excited species. These excited species may be
produced in the discharge by photons from an external
source or electrons in the discharge. Cross section
for processes of interest are needed.

Kl)
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Table 3. Experimental Studies & Tests

The following studies of candidate gases should provide
sufficient information for adoption or rejection of the gas
for use in a diffuse discharge switch.

* Degradation and recovery

- To obtain a fast history of the products produced from
the gas in a discharge.

- Use externally sustained source with high pressure mass
spectrometry.

- Time-resolved (laser) spectroscopy.

- Determine rate of recovery of the gas, i.e. lifetimes
of undesirable products

- Determine chemistry for both charged and neutral species
produced from the gas.

- Does initial gas reform or transform to a product having
good insulating properties?

* Thermal Properties

- Investigate thermal instabilities

- Energy-density dependent reaction

- Excitation-relaxation processes.

0 Total System studies pertaining to the switch

- Insulating gas

- Solid conductors

- Solid insulators

* Quick switching test for screening of candidate gases

- Establish empirical indicators of merit

- Give feedback to those measuring basic data
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For use in models the best estimates at present for
suitable gases are:

0 Electron drift velocity \407 cm/s

0 Ion recombination coefficient 'U07 cm3/s

Summary

The following remarks apply to gas mixtures suitable

for diffuse discharge opening switches controlled either

by a laser or an electron beam.

The mixture must have high dielectric strength which

can be obtained through the use of an attaching gas. The

conductivity of the discharge must be high for low E/N and

low for high E/N. This dictates the functional dependence

on E/N of the electron attachment coefficient and electron

mobility. The chemistry of the mixture must be simple so

that predictions of reactions with the rest of the system

(electrodes and insulators) are not too difficult.

Certain gases are already known to satisfy some of

the above criteria. Mixtures of gases which have the poten-

tial to satisfy virtually all of the requirements should

be tested in a pulsed discharge apparatus to determine

dielectric strength, conductivity, and chemical reactivity.

This kind of quick test could eliminate unsuitable mixtures

and identify desirable component gases. In this way, gases

could be identified for the more detailed basic data measure-

ments recommended in Table 2.
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One general statement can be made; only a fraction of

the basic data needed is presently available in the litera-

ture. However, it is clear that limited resources dictate

that care must be exercised in the selection of gases or

gas mixtures for which the necessary measurements are to

be made.

i
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OPTICALLY INDUCED PROCESSES

ARTHUR H. GUENTHER

(Chairman)

The members of this working group are to be congratulated

not only for their written contributions but for their vigorous

involvement in our group discussions and willingness to par-

ticipate in an open and frank interchange.

The summaries of the group discussions given in this

report have mainly been written

by: Section:

J. N. Bardsley B.3

P. J. Chantry B.4

C. Frost B.8

M. Gundersen B.2,6

T. Lawler B.7

T. Leventhal B.9

G. Schaefer B.2,4

S. Srivastava B.5

)

i0
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A. INTRODUCTION

At last year's Army Research Office workshop1 on "Repeti-

tive Opening Switches" for inductive energy storage, two

principal areas were identified for additional attention.

One was the development of a model of discharges which could

be employed in circuit analyses programs. The degree of com-

prehensiveness needed in such a switch model is a question,

however, which remains to be addressed before effective pro-

gress can be made in this area. The other principal conclusion

was that one of the most promising approaches for achieving

a repetitive opening switch for use with inductive energy

storage was by employing diffuse discharges, potentially con-

trolled by external means e-beams or photons), either in the

open or closed phase. Because the payoff compared to the risk

involved was very high for this latter concept it was decided

that it should be the theme of this year's workshop, i.e.,

diffuse discharges in opening switches.

The question asked was not if it would work, (we have

some solid evidence that external control of diffuse discharges

by both electron and photons does work2-4) but rather, the

principal problem was to bound the operational range of

such switches, e.g. current density, fields, conductivity,geometry,

etc. Thus, once we have bound the range of operation, deter-

mine if that range is interesting, i.e., can they be made

to operate under conditions of interest to the pulsed power

community. Our initial considerations are outlined in Table I.
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Before proceeding to the individual contributions from

our group regarding the topics listed in Table I it is impor-

tant to point out some differences between the activities of

the optically induced processes group and the other groups at

the workshop. These other groups generally considered only

electron beam controlled discharges and did not dwell to any

extent on photon controlled discharges. Our group, unlike

the others die not have the "benefitm (?) of the, relatively

speaking, wealth of experience and history that e-beam con-

trolled discharges enjoy. Therefore, we were not as inhibited

or constrained in our thinking. One must realize that optical

control offers distinctly unique advantages such as the effic-

iency of resonant interaction and the selection of which molecule

and transition the energy is deposited (although lasers, in general

have lower generation efficiency than e-beams). It also allows

for a greater variety in the chemical reactions associated

with the discharge species and kinetics as well as a wide

selection of controlling optical sources. Photon control,

unlike electron control, offers opportunities not only for

sustaining and initiating the discharges but also for en-

hancing the recovery of the dielectric strength i.e., turn-

on, sustain, turn-off. Thus, we have concentrated on the

desirable characteristics, those chemical kinetic variables

which control the behavior of the dielectric medium. We

were not system or engineering oriented but more fundamental

in our approach. The $64,000 question is: What are the impor-

tant or optimum characteristics of on optically controlled
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processes? Our initial thoughts and discussions proceeded

along the items outlined in Table II.

We have thus addressed issues such as photon-enhanced

attachment or the competition between photon and electron

processes (See Table III.). We have also looked at screening

procedures for candidates, relative to photon enhanced attach-

ment with an emphasis on vibrational processes (See Table IV.).

These will be discussed in detail, addressing such issues as

a comparison between collisional and optical processes,

including electron impact excitation, attachment, and molecule-

molecule interactions.

Briefly, we need to identify a mode of excitation of

a molecule which leads to enhanced attachment, which can be

excited by a laser during the opening phase, and which is not

excited significantly by the electrons when the switch is

closed. We debated the relative merits of electronic excita-

tion versus vibrational excitation and simple molecules versus

polyatomics.

We feel that next year, if one wishes to continue the

thrust of this and previous meetings, we should address other

points, such as the pressure level under which such switches

might operate; include engineering issues, e.g., the potential

for placing capillaries in parallel across the switch electrodes

for enhancing wall effects, and consider future possibilities,

e.g., the state of the art in optogalvanic effects. Secondly

we need to select and agree upon key parameters such as the

appropriate electron density or conductivity. It is difficult 17
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for each group to work this problem using different assumption

or baseline data. Further, there is a need for a stronger

interaction between the various groups such that we, individu-

ally, don't go our own way. Each group needs to have the bene-

fit of the thinking of members of other groups. There must be

a collation of the reports of these committees, i.e., an effec-

tive integration upon which there is some concensus. But most

importantly we all need to work continuously between these

meetings and have experimental results circulated in a timely

manner. I would add one note, that we not overlook the oppor-

tunity for optically controlled solid state elements in per-

forming the opening switch function with reliability.

REFERENCES

1. Workshop on Repetitive Opening Switches, Tamarron, Co.,
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editors, Texas Tech University, Lubbock, Tx. 79409.

2. A. C. Tam, "Quenching Effect of Helium 2-u Light on a
Weak Helium Discharge," (To be published in IEEE Trans-
actions on Plasma Science)

3. R. 0. Hunter, "Electron Beam Controlled Switching," Proc.
1st. Int'l. Pulsed Power Conf., Lubbock, Tx., 1975, IEEE
Cat. CH. 1147-8, Paper IC8.

4. A. H. Guenther, "Optically Controlled Discharges,"
Workshop on Repetitive Opening Switches, pp. 47-64,
Tamarron, Co., 1981.

.
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TABLE I

SUBJECTS DISCUSSED IN TEE SESSION "OPTICALLY INDUCED PROCESSES"

1. Complete Listing of Possible Processes

- Classification according to pressure - regime

- electron production mechanism

- electron loss mechanism

2. Negative V/I Characteristic Suitability

- Desirable during turn-off?

- Tolerable during conducting phase?

- Candidate species identification

3. Low Pressure Discharges - Why Not?

4. Vibrationally Enhanced Attachment

- Large vibrational excitation by photons

- Collision cross sections with electrons

- Molecule size'

- Optical diagnostics



196

TABLE II

OPTICALLY INDUCED PROCESSES THAT AFFECT CONDUCTIVITY

During Pulse (Conduction phase)

- Photoionization by one or more photons

- Collisionally assisted ionization

- Excited state phenomena

- Inverse Bremsstrahlung

After Pulse (opening phase)

- Optical quenching of metastable species by optically

induced radiative relaxation

- Photoenhanced attachment.
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TABLE III

PHOTOENHANCED ATTACHMENT

(COMPETITION: PHOTON-ELECTRON EXCITATION)

1. Vibrational Excitation (small molecules)

In gas discharge: e-collision + energy sharing mainly

v=l

needed: molecules with kattach strongly increasing

only for v > 2 and (selective) excitation of v > 2

- overtone excitation

- E * V,R collisions

- E * V,R radiative

2. Laser excitation of larger molecules

3. Electronic excitation

4. Photochemical reactions, (multi) photon decomposition

- fragments with higher attachment rate

- vibrationally excited fragments

- radicals
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TABLE IV

SCREENING PROCEDURE FOR CANDIDATES FOR PHOTOENHANCED

ATTACHMENT BY VIBRATIONAL EXCITATION

1. Absorption at available laser wavelengths (practical

consideration)

2. kattach (E/N) increasing as E/N increases, and

kattach (B/N) small at conductive E/N of gas mixture

3. kattach(T) increasing as T increases

4. a(E , v - 0) maximum, threshold

5. a(E, v > 0)e

6. a) v* - quenching by buffer gas?

b) v* - quenching by attacher?

7. Chemistry, including buffer gas and gas flow.

'J 1 ...... I III
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B. GROUP DISCUSSIONS

1. Introduction

In general two different groups of optically controlled

processes for switch applications were considered: The optic-

ally controlled electron generation and the optically control-

led electron depletion.

Optical processes that either increase or decrease the

conductivity are possible. The general decision whether a

laser may be used for the conduction phase or for the opening

phase mainly depends on the specific application. For appli-

cations where the length of the conduction phase is on the

order of the length of the opening phase either process may

be used. For conduction times much larger than the opening

time, processes that increase the conductivity have the dis-

advantage that the laser has to operate for a long time.

Processes that decrease the conductivity can also be

used in combination with e-beam sustained opening switches

to achieve shorter opening times and higher hold-off voltages.

2. Optically Controlled Electron Generation

The processes considered for control of the electron

generation were shown in Table II and are summarized in Fig.

1 and discussed below.

(l)-(6) Optically Enhanced Electron Generation

(1) The "one" photon ionization from the ground state has

only been demonstrated in alkali atoms. UV lasers are

required.
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Figure 1.

Processes for optically controlled electron generation
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(2) The two photon ionization from the ground state via

a resonant intermediate state has been shown for some

molecules with low ionization energy, such as (CH3 )3N.

In this case also UV lasers are required.

These processes, (1) and (2), can be used for optically

sustained discharges while the processes, (3) to (6), below

involve collisional excitation.

(3) The excitation of an intermediate state can enhance

the electron generation either through an additional

e-collision ionization from this intermediate state,

as has been shown for alkali and Hg, or through

Penning ionization according to collisions of two

excited atoms as known for Na.

(4) The photoionization starting from an excited state is

suggested mainly for systems with metastable states.

An example is Hg where high metastable densities can

be achieved (>50%).

(5) The photon ionization from an excited state via an

additional intermediate state has the advantage that

relatively low photon energies are necessary. Consider

the cases, for NO(A - E - (NO) +),hv - 2 eV or for

Hg(6 P0  7 S1 - Hg+),hv 3 eV are necessary.

(6) Inverse Bremsstrahlung: Electrons can absorb energy

from the electric field of a laser and transfer the

energy through collisions into ionization. This process

requires high intensity, high collision frequency, seed

electrons, and favors longer laser wavelengths.
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(7)-(10) Optical Quenching

(7) De-excitation of metastables into resonant states with

subsequent stimulated emission or spontaneous emission.

(8) Raman Processes as in (7)., but off-resonance.

(9) Excimer formation

A* + B + v - A** + B (AB)* + A + B + v'

(10) Electric field induced emission

3. Optically Enhanced Electron Attachment

The processes considered for optically enhanced electron

attachment were shown in Table III.

In order to achieve rapid opening without a significant

increase in the energy lost in the switch, it is necessary

that the attachment rate during the opening phase be much

larger than that appropriate to the conduction phase. This

can be achieved by including in the gas a molecule which

is weakly attaching in the ground state, but which possesses one

or more excited states with very large attachment cross sections.

The number of molecules in these excited states should be

very low during the conduction phase and should be rapidly in-

creased by laser irradiation during the opening phase.

There are several molecules, such as H2, HCL, HF, 02, and

N20, for which dissociative attachment is enhanced by several

orders of magnitude when the molecule is vibrationally ex-

cited. However, large cross sections for dissociative attach-

ment usually imply large cross sections for vibrational exci-
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tation by electron impact. Thus, many vibrationally excited

molecules (at least with v - 11 will be formed when the switch

is opened, unless the mean electron energy can be kept below

the vibrational excitation threshold in the attaching gas

molecules.l'4
iSeveral ideas have been suggested to increase the ratio

of photon-induced attachment to electron-induced attachment.

1. Use diatomic molecules containing hydrogen atoms, which

have relatively large vibrational spacings.

2. Choose molecules for which the enhancement of the

attachment rate is important only for v > 2. If this

procedure is followed, then one needs to find optical

mechanisms for producing these levels. Some possi-

bilities are:

a. overtone excitation

b. multi-photon absorption

c. electronic to vibrational energy transfer from a

different atom or molecule, e.g.
Na(3 ) + CO(v - 0) - Na(3) + CO (v - 7)

d. radiative decay from an excited electronic state

of the attaching molecule

e. production of the excited state of the attaching

gas as a dissociation fragment in a photochemical

reaction involving a larger molecule, e.g.

FHC CEF + hv (193nm) * HF(v - 1 - 5) +

Jr
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When one has identified a suitable attaching molecule

one must check that the vibrational excitation is not

quenched too rapidly by the buffer gas. This may be a

serious problem if molecular gases, such as CH4 are present.

A rapid quenching rate would necessitate increased power of

the laser which drives the optical control. In a subsequent

section we will outline a series of steps which could be

used to screen possible candidates for vibrationally enhanced
attachment, and will summarize the data that are available

for one promising candidate. An alternative way to minimize

the attachment during the conduction phase are to base the

enhancement on an electronic excitation for which the thres-

hold is much higher than the mean electron energy. However,

there is very little experimental data on attachment to

electronically excited molecules. Theoretically one expects

that such cross sections may often be smaller than those for

the corresponding ground states. Nevertheless this suggestion

is worthy of further study.

One attractive possibility is to search for attaching

excimers, i.e., molecules which are only very weakly bound

in the ground state but which possess excited states with

large cross sections for dissociative attachment. One way

of implementing this idea is outlined below. Another promis-

ing approach would be to search for molecules in which the

ground electronic state is singlet and is weakly attaching,

kbut which has a strongly attaching excited triplet state.
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Such a state would be excited by optical pumping on an

allowed transition followed by internal conversion. Acetone

(CH3COCH3 ) seems to possess such properties. Clearly many

new data are needed before either enhancement mechanism, via

vibrational or electronic excitation, can be fully evaluated.

An example of vibrationally enhanced attachment:

In order to clarify the issues involved in optical con-

trol of attachment, it is useful to consider a specific

molecule, namely HCL, in which vibrationally enhanced attach-

ment has been demonstrated, and for which much of the relevant

data are known.

(a) Attachment cross sections:

Allan and Wong2 have measured the cross section for attach-

ment of electrons for HCI and DC1 at gas temperatures between

300 K and 1200 K with electron energies up to 1.2 eV. From

their results, Bardsley and Waaenra3 have deduced the cross

sections for attachment of electrons to specific vibrational

states (v - 0 - 3) and rotational states (J = 0 - 25). Figure

2 shows the cross section for each of these vibrational

states, averaged over a thermal distribution of rotational

states at 300 K. This shows that for electrons with energy

of the order of 0.1 eV, the rate of attachment to molecules

in state v-0 and v-i is small, whereas for v=2 and v=3 it

is large. However, this advantage disappears if the electron

energy is > 0.5 eV.

I.
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(b) Optical versus electronic excitation of vibrational

modes.

Since HC1 is a polar molecule it can be easily pumped

directly using a suitable infrared laser. Vibrationally

j excited molecules may also be produced as dissociation frag-

ments in optically controlled processes involving larger

molecules. It has the further advantage that the large

vibrational spacing (0.35 eV) means that in the conducting

phase vibrational excitation will result only from collisions

of hot electrons. However, the cross section for vibrational

excitation by electron impact is very large,close to threshold.

Figure 3 shows the rate of vibrational excitation as deduced

by Davies4 from an analysis of transport properties. This

again shows the gain that can accrue from minimizing the

mean electron energy in the switch during the conducting

phase.

(c) Quenching of excited vibrational states

As discussed above, the enhancement of electron attach-

ment will be reduced if the vibrational excitation is quenched

in collisions of HCZ* with ground state HC1 or buffer gas

molecules. The rates of these relaxation processes have been

measured, by Chen and Moore,5 for several molecules, includ-

ing CH4 .

(d) Research Needs

More detailed experimental data are needed on electron

attachment to specific excited states and on the cross sec-

tions for electron-impact excitation of levels with v > 2

(e.g., 0.2, 1 2 transitions). The efficiency of optical
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procedures for producing this vibrational excitation should

also be surveyed.

References:

1. D. C. Lorents, private conmmunication.

2. M. Allen and S. F. Wong, J. Chen Phys. 74, 1687 (1981).

3. J. N. Bardsley and J. M. Wadebra, University of Pitts-

burgh, preprint (1982).

4. D. K. Davies, private communication.

5. H. L. Chen and C. B. Moore, J. Chem Phys. 54, 4072 (1971) and

54, 4080 (1971).

4. Screening Procedure for Candidate Gases for Photoenhanced

Attachment (Vibrational Excitation)

Table IV was generated as a viewgraph for purposes of

discussion. The points addressed are in order of priority

from the point of view of the experimentalist wishing to

choose a gas for testing a switch with an optically controlled

attachment rate. From a longer range point of view, consider-

ation of possible candidates need not be constrained by the

present availability of laser wavelengths (Point 1).

Point 2 is not directly related to considerations of

photoenhanced attachment. It arises from the desire to take

advantage of the increasing E/N in the decaying switch medium

during the turn-off phase. Since this behavior of kattach is

entirely compatible with the other considerations of vibration-

ally enhanced attachment we can take full advantage of it. The

.. ..P... . , . , ." -- " " ' .. . . l . . . . .. 
"
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important consideration here is that kattach be sufficiently

tsmall at the operating E/N during the conduction phase. The

electron mean energy in mixtures chosen for high drift velocity

is likely to be a few tenths of an electron volts. Again, the

choice of an attaching mechanism compatible with the total gas

mixture properties is emphasized.

Point 3 reflects the fact that most of the relevant experi-

mental data available in the literature relate to attachment

measurements (cross sections or rate coefficients) as a function

of gas temperature. From such data, the vibrationally enhanced

process is inferred, in some cases quantitatively by unfolding

1,2 3techniques or with the aid of theory. Candidate gases for

which there are no data can be screened experimentally by

studying their temperature dependence rather than via optical

excitation experiments.

Points 4 and 5 concern the energy dependences of the

individual cross sections for v-0 and v>0. This information

is equivalent to, but more fundamental than, the information

from point 3. The required E/N dependence of kattach implies

constraints on the threshold and peak position of a(Ee , V-0).

Availability of the separate v-state cross sections facili-

tates theoretical prediction of photo-induced effects.

Point 6 addresses the general concern that the proposed

enhanced attachment mechanism must not be "undone" by an in-

appropriate combination of attaching and buffer gases. This

is being addressed in more detail in Sec. 3, treating HCI as

a particular example of the overall process.

----------------------------------------
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Point 7 is perhaps the most difficult to address a priori,

and its low priority position on this list reflects this fact.

There is no implication that plasma chemistry effects need

not be considered troublesome. This issue is of concern re-

garding whether or not an attaching species introduced in

relatively low concentrations will survive the conducting

phase to perform properly during the opening phase, and may

impose the need to flow the gas, with the attendant engineer-

ing costs.

References:

1. Allan, M. and Wong, S. F., Phys. Rev. Lett. 41, 1791 (1978).

2. Allan, M. and Wong, S. F., J. Chem. Phys. 74, 1687 (1981).

3. Bardsley, J. N. and Wadehra, J. ., PHys. Rev. A 20, 1398

(1979).

5. Photochemical Enhancement of Electron Attachers in the

Plasma of the Switch (Electronic Excitation):

A. Statement of Concept:

It is proposed that by optical absorption a temporary

high attaching molecule be produced in the plasma.

B. Discussion

Energies for exciting rotational and vibrational levels

in molecules are small. Therefore, the molecules may be

excited by the plasma electrons. The method proposed for

exciting these levels by a laser, then, will not be very

effective unless the intensity of the laser beam is very high
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or the cross sections for electron impact excitation are quite

low compared with the photoabsorption cross sections. In order

to overcome the above difficulties it was also suggested

that photochemical reactions, resulting from excitation to the

electronic states of the molecules or atoms, be utilized for

the production of temporary attachers in the plasma. This

will be further clarified by the following examples:

a) Photo-dissociation:

The plasma of the switch can be seeded with molecules

which can be photodissociated by an external laser to pro-

duce fragments. One of the fragments can be highly elec-

tronegative and can attach plasma electrons to open the

switch, viz:

ABC + hv * A + BC*

BC* + e- BC

where ABC is a molecule which upon photodissociation gives

rise to a vibrationally excited radical BC*. The BC* may

have large attachment cross sections and may combine with

plasma electrons to generate a temporary negative ion BC

As an example, consider the following reaction:1

F* )1
FHC - CHF (Difluoro-ethylene) + hv(193nm) - HF (v-1-5

HF* + e- (1)

It is expected that, just like vibrationally excited HCL,

HF*(v - 1-5) will also have high attachment cross section.
2

Or, consider the following reactions:

-- main-
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CH3N2 + hv(193nm) C - NH + 2H

or
(2)

CH2 - NH + H2

CH2 = NH HCW + H2

Both HCN and H2 (* indicates vibrationally excited state)

are electron attaching molecules. The above reaction is found

to be very efficient (-70% converts to HCN).

b) Internal Conversion of an Excited Electronic State:

By photoabsorption certain molecules can be excited to

electronic states which internally convert to highly attach-

1ing ones. For wxample-

(CH3COCH3 ) + hv(248nm) goes to an excited singlet
3

electronic state which internally changes to (CH3COCH3) (3)

0- 0-3-I I
(CH3 COCH3 ) + e * CH3 --CH 3 * CH3 -C = CH 2 + H

c) Generation of An Attaching Molecule by an Excited

State of an Atom:

Consider a reaction of the following type:

A + hv *A

A + AB - A2*B(or AB +A) (4)
A 2  (or AB )+ e - A2  (rA

where * denotes the excited state of the atom or the molecule.

Reaction of the type represented by (4) are of special inter-

est because they offer the possibility of closed cycle oper-

'i )
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ation i.e. a continuous flow of gases is not needed.

As an example, consider the mercury sensitized reaction:3

Hg(Is0) + hv(X < 2537 * Hg(3P1)

Hg(3P I) + H2 - HgH + H (5)

*Hg (S) +112 H1

Reaction (5) is just an example. Much more research is needed

to identify suitable atom sensitized reactions for our pur-

pose.

C. Suggested Research Approach

i) Look into the literature for radical molecules which

have the possibility of strong electron attachment

cross sections and small thresholds for attachment

energy.

ii) Look into the various possible ways to produce these

radicals by using a laser or an e-beam.

iii) Perform the experiment and measure the attachment

cross sections. At the same time theoretical calcu-

lations will help in understanding their detailed

properties.

References:

1. D. Lorents, private communication.

2. Ed. Gardner, private communication.

3. K. Yang, J. D. Paden and C. L. Hassell, J. Chem. Phys.

47, 3824 (1967).
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6. Low Pressure Considerations

Higher pressure tends to produce equilibrium, or LTE,

and a process employing a laser is a nonequilibrium non-LTE

process. Thus there is an intrinsic tradeoff in pressure

and optical power. At lower pressures it is possible to

consider several significantly different approaches, summarized

here:

Low pressure makes it possible to employ a wall-dominated

process. The walls may be either

1) The confining walls of the discharge, as in an ion

laser, or:

2) The electrodes, which may be large, and closely

spaced. An interesting advantage of closely spaced electrodes

is the capability of increasing the hold-off voltage by oper-

ating on the left-hand side of the gas Paschen curve. It may

be possible to obtain high currents, for at least short times.

Densities of more than 100 A/cm2 are possible, particularly

with a hot cathode. At pressures of 1/2 torr, (NZ2 x 1016/cm
3)

the electron density may be approximately 1014/cm3 in this

environment. The electrons will equilibrate rapidly, but the

molecules won't, and thus an optical excitation process will

not have to compete with molecule-molecule collisions.

Suggested Research Approach

1) Consider candidates at low pressures, subject to the

constraints discussed above, and delineate the limits on pres-

sure imposed by this idea for an opening switch. A fairly simple
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experimental apparatus could be employed. Certainly exist-

ing switch gases should be studied, initially at least.

2) Understand some existing low-pressure devices, such

as lasers (e.g., ion) and closing switches, by studying the

physics of these where necessary. Consider the effect on

these through addition of attaching gases, light (photons),

or electrons.

7. Negative Dynamic Resistance Consideration

The cost of laser photons requires that they be used very

efficiently in any switching scheme. Schemes that involve

using the laser only during the opening phase of a self-sus-

tained discharge have a significant advantage over schemes

that involve using the laser to sustain the discharge. If

the discharge switch must remain closed for long periods,

then the requirements on a laser to sustain the discharge

are severe.

Diffuse discharges with large negative dynamic resistances

make possible efficient use of laser energy during the opening

phase of a discharge switch. A large negative dynamic resis-

tance has two advantages that are apparent in steady state

models. The first advantage is that a small change in V/I

characteristics can switch large currents into a resistive

load. This advantage is illustrated in the circuit diagram

and load line analysis, which follows.

~i
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Point "Qw represents a macroscopically stable operating point

for which most of the source current is carried by the low

impedance discharge. A relatively small change in V/I char-

acteristics, represented by the shift from the solid curve to

the dotted curve, drives all of the source current into the load.

The second advantage of large negative dynamic resis-

tance is that the magnitude of the linear optogalvanic effect

for a fixed energy input is proportional to the dynamic resis-

tance. This statement follows from applying pertubation theory

to the balance equations which describe a discharge.1 A first

order perturbation theory approach ; describing optogalvanic

effects is useful if the laser power .a a small (:lO%) frac-

tion of the total power being dissipated in the discharge.

There are several processes which can cause negative

dynamic resistance. Molecules with attaching rates which

increase strongly with E/N can produce negative dynamic

resistance. Multistep ionization processes can also produce

a negative dynamic resistance.

Reference:

1. J. E. Lawler, Phys. Rev. A, 22, 1025 (1980).
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8. Diagnostics for Diffuse Discharges

Lasers can be useful not only for controlling discharges

but also as probes to determine basic parameters and condi-

tions in the switch. Diagnostics beyond simply measuring

voltages and currents are essential to understanding the

diffuse discharges used for opening switches. Almost all the

diagnostic techniques developed for the study of e-beam sus-

tained laser discharges are applicable to switches and should

be considered. Laser-based measurement techniques can give

time and space resolved measurement of Ne, gas density, and

species and also yield the temporal evolution of the excited

state distribution. Emission spectroscopy of the discharge

should not be ignored since it is a simple technique which

provides valuable information, particularly about impurities.

A few diagnostics worth considering are:

1) Optical interferograms

2) Framing camera

3) Pressure rise transducer

4) Emission spectroscopy

5) Laser induced fluorescence spectroscopy

6) Coherent antistokes Raman spectroscopy (CARS)

7) Microwave interferometry

CARS can give information about the distribution of

vibrationally excited states, crucial to the investigation

of certain concepts. Microwave interferometry can give

time resolved measurements of Ne in the discharge and has

already been employed to study electron production by 2-step
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photoionization and decay by recombination and attachment.

The microwave technique can be employed to study attachment

rate as a function of E/N and vibrational excitation.

Microwave Measurements

A microwave interferometer, shown schematically in

Figure 4, has been used at Sandia National Laboratories to

study electron production by laser photoionization of organic

molecules. This apparatus provides time-resolved measurements

of electron densities from a few times 109 through 1012 cm-3

by observing transmission amplitude and phase retardation of

10 GHz traveling waves passing through the excited gas which

is contained in the waveguide section. Resonant 2-step photo-

ionization (see Figure 5) is achieved by passing the beam from

a pulsed UV laser through the gas. In this manner, photoioni-

zation coefficients have been determined for a large number

of active molecules. For most of the compounds studied, the

electron density scales with 12 as shown in Figure 6.

Recombination and attachment have also been studied by

observing the decay of electron density for various buffer

gases. Figures 7 and 8 show the microwave transmission as

a function of time. Cutoff (T = 0) corresponds to Ne of 1012

cm 3. Figure 7 shows the behavior of N using argon, a non-e

attaching buffer. Ne rises rapidly during the 20 ns laser

pulse (lower trace) and decays very slowly thereafter. In

the case of mildly attaching gases such as air, Ne decays

more rapidly, as shown in Figure 8. For strong attachers, such
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as SF6, Ne falls very rapidly after the end of the laser pulse

and the peak electron density is reduced even at low pressure

due to attachment during the buildup phase. Plate electrodes

inside the waveguide section allow application of an E field.
For SF6 buffer, Ne (for a fixed laser excitation) is observed

to increase with E/N (see Figure 9). This is the expected

behavior based on the shape of the SP6 attachment curve. With

02 as buffer, however, N appears to decrease as the voltage

is increased. This is exactly the type of behavior which is

of interest for opening switches. The microwave technique

should be-considered not only to obtain basic parameters but

also to provide time-resolved measurements of N in openinge

switches.

9. Field Strength Dependant Laser Induced Processes

Statement of Concept: The strong electromagnetic (EM)

field associated with a high power laser may be used to

enhance or inhibit certain inelastic processes occuring in

a discharge so that switching may be facilitated.

Discussion: The advent of high intensity lasers has

made it possible to study atomic and molecular reactions in

the presence of a strong EM field. The reaction may be

either enhanced or inhibited relative to the reaction rate

under field-free conditions. In these "laser-induced" pro-

cesses the laser provides an intense EM field (not necessarily

Von a real atomic or molecular resonance) which perturbs the

quasimolecular potential energy curves, relative to the field-
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free case, and the reaction can be either enhanced or in-

hibited.

The study of such processes is still in its infancy;

to date the most studied of these laser-induced processes

are associative ionization and laser-induced Penning ioniza-

tion in collisions between two Na(3p) atoms. 1-7 These pro-

cesses may be represented as hw + Na(3p) + Na(3p) D Na2 + e-

and hw + Na(3p) + Na(3p) l Na+ + Na(3s) + e-. The symbol

hw refers to the EM field and not to the laser photons re-

quired to effect the 3s * 3p transition. Of course, the

experiment may be conducted with a single high intensity

laser tuned to a D-line, but the EM field enhancement effect

does not require the precise D-line wavelength. Although

there are still uncertainties about the exact mechanisms that

lead to the enhancement, it is clear that the ion yield, especi-

ally from associative ionization increases dramatically (orders

of magnitude) when an intense field is applied (~10 - 106

3
W/cm).

Although the sodium reactions briefly described above

show enhancement in the presence of the strong EM field,

there is no reason why, in some other properly chosen system, the

reaction could not be inhibited. 8 If such a process could be

found it could have application for fast opening switches.

For example, if a given atomic collision process which pro-

vides conduction electrons in a "conventional" discharge

switch could be turned off (i.e., reduced by orders of magni-

tude) by nonresonant laser light, the switch would then be in
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the open position during the laser pulse. The switch would

be closed between laser pulses. Only during the short laser

pulse would the switch be open. Such a scheme takes advantage

of the low duty cycle of most pulsed lasers to provide the

desired open/closed characteristics. Not inconsequentially,

the expensive laser photons would then only be used during

the short open period.

Suggested Approach. Because there exists so little

data of a fundamental nature on these laser-induced processes,

additional work should be undertaken. It is considered im-

portant that the sodium system, which of course was studied

because of experimental convenience, be thoroughly under-

stood and characterized. Subsequent experiments on different

types of systems, such as rare gas/rare gas collisions,

should also be performed. Naturally, theoretical guidance

should be added in appropriate doses. Primarily though, it

should be noted here that there currently exists very little

data. More basic research is needed.

Questions. Can a reaction be found, which under field-

free conditions causes conduction, but under intense irradia-

tion ceases to conduct?
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MODELING OF DIFFUSE DISCHARGE OPENING SWITCHES

W.H. Long, Jr.
(Chairman)

The committee sought to identify a) types of models that are needed

to address the current problem, b) codes which already exist to analyze

similar phenomena in other devices, and c) areas where additional research

Is required. Model capabilities were expressed in terms of basic processes

and dimensionality. Table 1 presents a matrix of model capabilities,

where existing codes are indicated with a cross.

It was generally agreed that no single code could, or should, con-

tain all the processes of importance or all the possible dimensions, but

that more could be learned by analyzing important aspects of the problem

with small, specialized and interactive models. For example, divisions

can be made on the basis of a scale of time or distance. Long term chemistry

in a closed gas loop can be considered separately from the short term

chemistry and plasm kinetics during conduction, which itself can be

treated independently of the transients associated with opening and closing.

The various codes are then coupled through initial or periodic boundary

conditions. In a similar ayspatial divisions exist between bulk flow,

boundary layer, plasma sheath, and surface phenomena.

Further separation can be made by grouping related processes in

individual codes which are then coupled together through specific parame-

ters or common variables. This is generally done in joining electron

kinetics codes to models treating plasma kinetics, and then to general gas

dynamics codes. The coupling between these subsystems is indicated in

Figure 1.
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The basic processes which must be considered in repetitive, diffuse

discharge, opening switches are listed in Table 1. Others may have to be

added for specific switch concepts not considered here. Electron kinetics

in the positive column of a glow discharge is usually treated by solving

the Boltzmann equation for the electron energy distribution in a constant,

uniform field. The angular dependence of the distribution is expanded in

Legendre polynomials, retaining only the first two terms. (In the presence

of magnetic fields an expansion in spherical harmonics is made.) The

transport coefficients and rate constants are then determined for a given

gas mixture as a function of E/N, the ratio of electric field strength to

neutral particle density. The plasma kinetics is modeled by using electron

collision rate constants together with neutral and heavy ion rate constants

in a set of coupled continuity equations covering all the species of interest

in the plasma. Significant excited state populations must be coupled back

into the electron kinetics model, self-consistently. Neutral chemistry is

treated in the same way.

Repetitive switches using gas as the dielectric medium will require

flow to remove heat and unwanted chemical by-products from the electrode

region. The determination of density, velocity, and temperature in the

switch is derived from a solution of the gas dynamic equations with an

ohmic heating term. The contribution of charged species to continuity or

momentum balance will be negligible In a diffuse glow. The boundary

layers can be treated separately using appropriate boundary layer theories.

They could seriously impact the efficiency and stability of the switch if

significant density variations exist. The plasma sheaths at the anode and

cathode are also areas of concern due to enhanced fields and subsequent gas

heating in these regions. Electron kinetics in the sheath must be treated

differently from that in the positive column because of steep field and-, -'7'--i
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density gradients. Surface properties are important in determining gross

sheath characteristics and stability.

The types of instabilities which must be considered in determining

the maximum rate of rise of recovery voltage are space charge, ionization-

attachment and thermal. Space charge instabilities include corona emission

from sharp surface protrusions and localized streamer formation. They are

characterized by space charge-enhanced fields and very fast propagation

times. Ionization-attachment instabilities consist of coupled fluctuations

in the plasma density and electric field which grow exponentially with time.

Both of these types of instability can develop into a thermal instability,

which results in an arc. However, a thermal instability can also occur

directly, due to nonuniform conditions on the electrodes or in the gas

flow. The study of instabilities is essential in determining the useful

operating regime for a diffuse-glow switch.

Computer codes and theories exist to cover all the situations men-

tioned above. However, most of them are not in a form which is suitable

for the general user. Many have been developed to model specific phenomena

or devices and may employ approximations which are not universally appli-

cable. Nevertheless, these codes can be modified and used to design a

workable switch within a limited parameter range, if the incentive exists.

The most serious impediment to this end lies in obtaining basic data on

gases of interest for use in the models. This data can be obtained experi-

mentally if the gases are first identified. On3 of the conclusions of this

meeting was to use a general interactive model of a switch in & given

application to obtain information about the desirable properties of the

working gas. This would facilitate the work of experimentalists trying to

identify useful candidates.

N1
"



229

The types of problems which require further work are listed in

Table 2. Most importantly, any model of the electrical characteristics

of a diffuse-glow opening switch must incorporate the driving circuit

as well as the load. The response of the plasma during switch opening

is strongly dependent on the configuration of the external circuit. A

study needs to be made of the transient sheath development and its ex-

tinction. It may be necessary to look at the time-dependence of the

electron energy distribution in a changing electric field, particularly

in the high energy tail which responds more slowly than the rest. As

stated previously, all forms of instability should be examined further

in order to identify a practical operating regime. Finally, a general,

interactive model should be formulated to identify scaling relationships

and to link specific engineering requirements to basic data in a trans-

parent manner.
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STEADY-STATE TIME-DEP.

SPACE DIMENSIONS 0 1 2 3 0 1 2 3

ELECTRON KINETICS X X X

PLASMA KINETICS X X X X X X

SHEATHS X X

EXCITED STATES X X X X X X

INEUTRAL CHEMISTRY X X X X

PHOTON PROCESSES X X X

GAS DYNAMICS X X X X X X

BOUNDARY LAYERS X X

MAGNETIC FIELDS X X X

STABILITY X X X X X X

EXTERNAL CIRCUIT X X

Table 1

I.

Ii
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RECOMMENDATIONS

0 FORMULATE SCALING RELATIONSHIPS

* COUPLE CIRCUIT TO SIMPLE MODELS

0 DETERMINE SYSTEMATICS FOR TIEING ENGINEERING
REQUIREMENTS TO BASIC DATA

• ONE-DIMENSIONAL ANALYSIS OF SHEATH DURING
OPENING PHASE

* TIME-DEPENDENT ELECTRON KINETICS
(RELAXATION OF HIGH ENERGY TAIL)

* INCORPORATE GASDYNAMICS

* STABILITY ANALYSIS
(PUSH BACK ARCING LIMIT)

* MODELS SHOULD BE DYNAMIC
(I.E. INTERACTIVE)

Table 2

in
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APPENDIX A

GASES FOR POSSIBLE USE IN: DIFFUSE-DISCHARGE SWITCHES*

L. G. Christophorou,t S. R. Hunter, J. G. Carter, and S. M. Spyrou

Atomic, Molecular and High Voltage Physics Group
Health and Safety Research Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

It has been pointed out recently (e.g., see Refs. 1 and 2) that in

pulsed-power applications, energy storage using inductive elements could

be advantageous because of the high intrinsic energy density; about 102

to 103 times that for capacitive systems. It appears 1 3 that the main

technological problem in inductive storage systems for pulsed-power

applications is the need for an opening switch--capable of repetitive

operation-to transfer the energy from the storage loop to the load (see

Fig. 1). In this paper we wish to suggest gas mixtures for possible use

in externally sustained (e-beam) diffuse-discharge switches.

The basic requirements of a gaseous medium for use in a diffuse-

discharge switch can be understood by referring to the inductive-energy

discharge circuit in Fig. 1 (Ref. 3). In the first (conducting) stage,

the switch S2 is open, and the switch S1 is conducting by means of a

diffuse discharge which is sustained by either an external pulsed electron

or laser beam.2 In this stage, the gas number density N (or total

pressure P) and the electric field E applied across the electrodes of S1

*Research sponsored by the Division of Electric Energy Systems,
U.S. Department of Energy, under contract W-7405-eng-26 with the Union
Carbide Corporation.

tAlso Department of Physics, The University of Tennessee, Knoxville,

l ennessee 37916.

ty mceatance of this article. the
pUblisher or recipe nt acknOwlea4ea
the U.S. Government's right to
retain a nensuclusive. royalty-fre.
Imense in and to any coayright
covering the article.
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must be such that for the resulting Low value of E/N ('%3 x 10- 17 V cm-2),

the electron drift velocity, w, (and thus, conduction) is maximum and

the electron attachment rate constant, ka, is minimum (electron production

must be maximized and electron loss minimized). In the second (Opaning)

stage at time t - 0 the external (electron or laser beam) ionization

source is terminated, the switch S1 is opened, and the switch S2 is

closed-to allow the stored energy in the inductor L to be transferreds

to the load ZL. It is known,2 ,3 however, that in an inductive system

where one attempts to rapidly open a conducting switch, a very large

voltage is induced across the switch due to the term Vi - L CL is the

inductance of Ls in Fig. 1, and i is the current). The induced voltage

increases the E/N value (to -120 x 10-17 V cm-2) and tends to maintain a

conducting arc between the electrodes of switch S1 and to quote Kristiansen

at aZ.,2 ,3 "How to interrupt the conduction process against a high

driving voltage is the essence of the opening switch." The gas, which

in the conducting stage was such as to optimize conduction, must now

serve as a high voltage insulant in order to sustain the high driving

voltage and prevent breakdown.

A basic difference between the conducting and the opening stages of

the switch (at least in the e-beam-sustained discharge) is the effective

value of E/N (or E/P). In the conducting stage E/N is low, while in the

opening stage E/N is very high. This is most significant and remains a

key variable in efforts to tailor gases for the optimum performance of

SI in both stages.

In Fig. 2 we show schematically the desirable characteristics of

the gas in terms of w(E/N) and the attachment rate constant k a(E/N).

The drift velocity w must be maximum at the E/N values (indicated by
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the shaded region in Fig. 2) characteristic of the conduction stage, and

k must be as small as possible in this E/N range. In the opening stage
a

(Fig. 2) v must be as small as possible and ka as high as possible at

the E/I values (indicated by the shaded region in Fig. 2) characteristic

of this stage.

Fast gases having the general characteristics of v(E/N) shown In

Fig. 2 have been reported by us4 (e.g., Ar + CF4 mixtures) which are

free of electron attachment at low S/N. Promising mixtures that are

comprised of Ar and CF4 are shown in Fig. 3. The mixture composition

and E/IN can be chosen such as to maximize v in the conducting stage. It

is also seen that at high E/N, the v of such mixtures falls off considerably,*

a property desirable in the opening stage of the switch (see Fig. 2).

To become effective for the opening stage of the switch, such gases

must have a high dielectric strength. To achieve this, the miztuw mut

effe-ive,. rmove e 'Zactwt by Zl tot attahment forming negative

ions.5$ 6 Since in the opening stage of the switch E/i is very high, the

gas must be capable of removing electrons with energies well in excess

of thermal energy. It thus seems that a fast gas mixture (i.e., one

with high w) such as Ar + CF4 must be mixed with a third gas which does

not attach thermal and near-thermal energy electrons but which attaches

electrons at higher energies (say, from P0.5 to 2 eV).t  Candidates for

*In this regard such measurements must be extended to higher E/i
values.

tIt is well knownS, 7 that electron attachment processes at energies
415 eV are resonant processes and that their cross sections decrease
rapidly as the resonance energy increases. When the positions of such
resonances are located at energies Z4 eV or so, it is doubtful that the
magnitude of the attachment cross sections are sufficiently large to
effectively reduce the number density of electrons and thus affect the
value of the breakdown voltage. We argued earlier5 ,6 ,8 that enhanced
scattering cross sections shifting the electron energies to lower energies
where electron attachment is strong can be more beneficial in increasing
the breakdown strength.
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such electron attaching gases to mix with the fast mixtures of Ar + CF4

are shown in Fig. 4.

Special attention is drawn to the gas (CF3)2S which is seen (Fig. 4)

to capture electrons rather strongly above thermal energies and which

itself is an excellent gas dielectric having a DC uniform field breakdown

strength 1.5 times that of SF6 (Ref. 10). A mass spectrometric study of

(CF3)2S has shown (Fig. 5) that the dominant anion is CF3S- whose yield

peaks at %.0.65 eV, a finding consistent with the k vs (e )data ina

Fig. 4. A weak F- ion is also produced at higher energies (Fig. 5).

The electron affinity of CF3S" is 1.8 eV11 which would render electron

detachment difficult.

It should be noted that the use of (CF3) 2 S may be advantageous in

the conducting stage of the switch as well. The ionization potential of

Ar is 15.76 eV12 and that of CF4 ;E14.7 eV,
13 while the ionization potential

of (CF3)2S'is only "'11.15 eV.14 Thus, an increase in electron production

in the conducting stage (when the external source is an e-beam) may

result due to the Penning ionization process

Ar* (and CF4 *?) + (CF3 )2  - Ar (CF4) + (CF3 ) 2 S+ + e. (1)

Process (1) is not likely to affect the insulating property of the

mixture in the opening stage in view of the work of Christophorou et

aZ. $ which has shown that-at least for uniform fields-the breakdown

voltage is mostly affected by the electron attaching rather than by the

ionization properties of the gas. It should be noted also that CF4

itself attaches electrons at higher energies (see Fig. 5 in Ref. 15)

than does (CF3)2S and may thus act synergistically with (CF3)ZS as an

electron attacher in the opening stage of the switch. The vapor pressure

of (CF3)2S at 1-20C is n-4.4 atm.
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It follows from the above discussion that ternary mixtures comprised

of Ar + CF4 and (CF3)2S (or other electron attaching additive with the

appropriate properties, Figs. 2 and 4) are good candidates for diffuse-

discharge switches. It is, however, preferable to have a binary rather

than a ternary mixture and to identify, for example, a gas which would

serve the role of both CF4 and (CF3 ) 2 S when mixed with Ar. In search

for such a gas we focused on C3 F8 . The attachment rate constant k as a

function of (E )for C3F8 is shown in Fig. 4. Although the ka for C3F8

is lower in magnitude than that for (CF3)2S, it has a very desirable

(c )-dependence (i.e., it is very small at low (c )and large at high

(z )). Mass spectrometric studies have shown (Fig. 6) that the dominant

anion is F- with a peak at 2.9 eV. (The electron affinity of the F atom

is 3.45 eV. 17 ) Other fragment anions (CF3 - C2 F3 , C3F 5 , C3F7 ) with

maximum yields in the range 3.2 to 3.8 eV (see Fig. 6) are produced but

with very much lower probabilities. From our earlier work on fast

gases 4 it seemed that mixtures of C3F8 and Ar would exhibit a similar

behavior in terms of the w vs E/P function as the Ar + CF4 mixtures

(Fig. 3) (i.e., provide a large w for specific, Zoo values of E/N and

compositions). Although we have not conducted these latter measurements

as yet, we have made preliminary w(E/N) measurements on Ar + C2F6

mixtures. Our preliminary measurements on this system are shown in Fig.

7. The observed large w values and sharply peaked w(E/N) functions in

the E/N range characteristic of the conducting stage of the switch, the

high sensitivity of the w(E/N) functions to the percentage of C2F6 in

Ar, and the decline in w with increasing E/N are all most interesting

and desirable characteristics. Similar measurements on Ar + C3F8 are

planned over wide E/N ranges and mixture compositions. While final

.4L
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judgment has to await these measurements, on the basis of the data in

Figs. 4, 6, and 7, it can be suggested that appropriate binary mixtures

of Ar + C3FS may possess both of the required characteristics (see

Fig. 2) of a switching gas and are thus suggested as good candidates for

diffuse-discharge switches.*

*The vapor pressure of C3F8 at %,200C is %7.8 atm; C3F8 is listed18

as nontoxic, nonflamable, unreactive, and thermally stable; its DC
uniform field breakdown voltage is 0.9 that of SF6 .
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FIGURE CAPTIONS

Fig. 1. Inductive energy discharge circuit (from Ref. 3).

Fig. 2. Schematic illustration of the desirable characteristics of the

w(E/N) and ka(E/N) functions of the gaseous medium in an externally (e-

beam-sustained) diffuse-discharge switch. Indicated in the figure are

rough estimates of the E/N values for the conducting and the opening

stage of the switch.

Fig. 3. w vs E/P298 for Ar and Ar/CF4 mixtures (from Ref. 4).

Fig. 4. Electron attachment rate constant, ka, as a function of mean

electron energy, (e) , for (CF3)2S and C3F8 (present work) and

1,2-C2C12F4 , 1,1,2-C2Cl3H3, and 1,1-C2C12H4 (from Ref. 9). The relative

breakdown strengths V shown in the figure are from Ref. 6 except those5

for (CF3)2 S, which are from Ref. 10.

Fig. 5. Energy dependence of the yield of the negative ions produced by

electron impact on (CF3)2S.

Fig. 6. Negative ion intensity as a function of electron impact energy

for C3F8. Note the multiplication factors (Ref. 16).

Fig. 7. w vs E/N for Ar/C2 F6 mixtures.

I-
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APPENDIX B.

Suwmary of Meeting On

"Diffuse Discharge Opening Switches"
at Texas Tech University on Sept. 23-24, 1981

K. Schoenbach and M. Kristiansen

A meeting on "Basic Processes in Diffuse Discharge Opening Switches"

was held in Lubbock on September 23-24, 1981. It brought together 20

atomic and plasma physicists and electrical engineers. The goal of the

meeting, set up especially to discuss the opening switch concepts developed

at Texas Tech, was:

a) to identify the limitations of diffuse discharge switch concepts

b) to identify the unresolved problems

c) to identify research areas that must be supported to resolve the

problems

d) to identify where the needed research expertise resides

a) to establish cooperative, coordinated research efforts.

The meeting was opened with a brief review on the state-of-the-art

of repetitive opening switches: with special emphasis on concepts developed

at Texas Tech. Discussion sessions on "Production of High Pressure

Diffuse Discharges", "Optical Control of Diffuse Discharges", "Basic Data"

and "Diffuse Discharge Modeling" followed. The results of the discussions

were summarized in a final session:

1. Limitations on current density and time of conduction in atmo-

spheric pressure diffuse discharges are due to instabilities

which are mainly developing on the electrode surface. To prevent

instabilities or, at least, to delay their onset, the establishment

of a high uniformity of pre-ionization and electric field in the gap

and of the controlling e-beam or laser power has to be atte:tad.

With rex.-ect to the applicationas rep-rated switches, where excessive
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heating of the gas must be avoided, gas exchange systems have to

be considered.
2. The conditions for gas mixtures, usable in attachment dominated

diffuse discharge switches are:

a) High mobility at low E/N

b) Low attachment rate at low EN

c) High attachment rate at high E/N

d) High dielectric strength

Whereas agreement on these general features existed, the opinion

about the "best" gases differed. As appropriate attachers for open-

ing switches NO, N20, 12' some halogenated bydro-carbons, and R1 in

buffer gases like N2 , CH4, and noble gases were considered. Basic

data for commonly used gases (N2, noble gases) are fairly complete,

whereas they are limited for the other gases. Predictions about the

behavior of gas mixtures containing ions, radicals, and excited mole-

cules, however, (a-.research object of plasma chemistry) are rather vague

for most opening switch gas mixtures. It is therefore important to

increase the appropriate plasma chemical investigations.

3. An effort which should also be increased is modeling of diffuse dis-

charges in diverter circuits. Rate equation codes and Boltzmann

equation codes are available or under development. A major obstacle

for using the codes in opening switch calculations is the lack of

data for appropriate gases. Experiment-theory comparisons could

fill gaps in the data base.

4. Generally, the importance of experiments for both e-beam and

optically controlled diffuse discharges was emphasized together

with development of fast diagnostic techniques. Special atten-

Ci
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tion should be payed to experimental investigations of laser

induced effects (opto-galvanic effects).

To proceed in the field of diffuse discharge opening switches

further interaction of the three comunities present at this meeting

(scientists, engineers, "appliers") was highly recommended.

Attendees at Meeting in Lubbock

M.A. Biondi University of Pittsburgh

P. Chantry Westinghouse Research Lab

L.G. Christophorou Oak Ridge National Laboratory

D.E. Douglas-Hamilton Avco Everett Research Lab

A. Garscadden Air Force Wight Aeronautical Laboratories

A.H. Guenther Air Force Weapons Laboratory

B.D. Guenther U.S. Army Research Office

A.K. Ryder Air Force Office of Scientific Research

B. Junker Office of Naval Research

L.E. Kline Westinghouse Research Lab

J.E. Lawler. University of Wisconsin

W.H. Long, Jr. Northrop Research and Technology Center

J.T. Mosely University of Oregon

A.V. Phelps Joint Institute for Laboratory Astrophysics

L. Pitchford Sandia National Laboratories

M.F. Rose Naval Surface WeaDons Center

G. Schneider Air Force Wright Aeronautical Laboratories

M. Kristiansen Texas Tech University

E.E. Kunhardt i of

G. Schaefer " "

K. Schoenbach " "
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